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Abstract
Throughout history, there has been extensive research performed on the Hawkesbury
Sandstone, however, little has been done within academic literature on the fracture networks
throughout it, specifically on their influence on groundwater flow and storage. The regional
deformation is also believed to be due to basement control, with little research performed on
alternate theories of deformation. This study aims to develop a better understanding of the
fracture networks in the Hawkesbury Sandstone and how fractures may contribute to the flow
pathways between underground and groundwater systems. It also aims to determine the
possibility of an alternate theory for regional deformation, in the form of detachment folding.
This study was conducted on the Southern Highlands of New South Wales, with a key focus
on three rock outcrops at Yanderra. Photogrammetry models were developed which were then
uploaded to a 3D geological software program (IPM-MOVE™) for geological interpretation.
The established mesh surfaces were interpreted to develop cross-sections and quantitative
results, with a particular focus on fracture length and spacing at each outcrop. The acquired
fracture measurements, along with three test apertures were used to develop a conceptual model
of the porosity and hydraulic conductivity of fracture networks within each outcrop.
The calculated porosity of the fractures in the Hawkesbury Sandstone, based on observed
fracture length, ranged from 0.001-0.011% with three different apertures, while the conceptual
model based on fracture spacing ranged from 0.001-0.022%. The expected hydraulic
conductivity of fractures ranged from 0.040 m/day to 15.64 m/day. The depth to detachment
was calculated to be approximately 325 metres, which indicates a detachment layer is possibly
within the Illawarra Coal Measures.
Fractures are a clear host to fluid movement through rock outcrops. Longwall mining can cause
movement on existing fractures due to subsidence, and thus, have implications for the
movement of groundwater throughout them. This could have the potential to affect recharge
within aquifers throughout the Sydney Basin and should be considered in future fracture studies
and mining operations.
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1. Introduction
1.1 Context
The lithology of the Hawkesbury Sandstone has been studied extensively throughout history.
While the geology of the Hawkesbury Sandstone has been described in numerous reports, the
fracture networks have been seldom looked at within academic literature (Branagan & Pedram,
1990; Conaghan & Jones, 1975; Herbert & Helby, 1980; Rust & Jones, 1987). Little has been
done regarding how fracture networks might influence groundwater flow and storage
throughout the lithological layer, or how mining activities may impact or enhance groundwater
flow by disturbing or opening up existing fracture networks.
The Hawkesbury Sandstone also has visible deformation throughout the region, including
structural deformation in the form of monoclines, synclines, and faults (Branagan & Pedram,
1990; Bray et al., 2010; Fergusson, 2006). These studies have theorised that the regional
deformation throughout the Sydney Basin has been due to basement control of the Lachlan
Fold Belt, however little work has been done on the possibility of detachment faults being the
cause of the deformation.
New techniques in geological mapping and modelling have developed more accurate and
quantifiable methods to collect and display data, including the use of photogrammetry and 3D
geological software packages (Cowan et al., 2002; Turner, 2006). With the combination of
these new techniques and technologies, more advanced data and results can be collected and
interpreted quantitatively, making it safer, more accurate and more time-efficient compared to
traditional geological mapping (Turner, 2006).
Through applying these more advanced techniques and collecting fracture network data within
the study site in the Southern Highlands of New South Wales, a new set of data provided the
opportunity to further investigate the fracture networks throughout the Hawkesbury Sandstone.
This study fills a gap within the literature as it investigates the fracture characteristics within
outcrops of Hawkesbury Sandstone in an area that has not been highly studied before. The
observations made of the fracture networks and geometry of bedding surfaces also provided
the opportunity to suggest the possibility of an alternate source of deformation in the study
region. The fracture data set was also used to determine the hydrogeological properties, which
gives insight into the implications of groundwater flow through fractures, which should be
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considered when assessments are made of future mining projects within the Southern
Coalfields.

1.2 Aims and objectives
The aim of this study was to develop a better understanding of surface outcropping fracture
networks in the Hawkesbury Sandstone and how fractures may contribute to the flow pathways
between underground and surface/groundwater systems. This study also aimed to determine
the possibility of an alternate theory for the deformation throughout the study area, in the form
of detachment folding, rather than basement induced deformation. The objectives included
using photogrammetry software, as well as 3-dimensional geological modelling software to
map the fracture networks. Measurements of fracture length and spacing, as well as the number
of fractures, were collected from the models and used to aid in the understanding of
groundwater flow through the fracture networks. The results of this work were used to
determine the potential implications of groundwater flow through fracture networks associated
with mines within the Southern Highlands.

1.3 Outline and scope
This thesis is divided into several chapters which discuss different aspects of the research
project. Chapter 2 provides an in-depth literature review, which focuses on the geological
context of the study site. This includes an introduction to the structural geology,
hydrostratigraphy, subsidence history, and previous research undertaken using 3D modelling.
Chapter 3 outlines the workflow of the methodologies used throughout the project, including
fieldwork, photogrammetry, and 3D geological modelling. Chapter 4 indicates the results
found through each of the methodologies within the project. Chapter 5 provides the discussion
of the project and the acquired results, including a reflection on the overall impacts of the
results found within the study and the limitations to the project. Finally, Chapter 6 provides a
concise conclusion and recommendations for future work.

2

2. Literature review
2.1 Geological context of the study area
This research project focuses on the geology of a section of the Southern Highlands of New
South Wales, Australia, in the Wollondilly Shire. This region is part of the southern Sydney
Basin, which forms the southern section of the Sydney-Gunnedah-Bowen Basin on the east
coast of Australia (Danis et al., 2011). The southern section of the Sydney Basin consists of
the Permian Illawarra Coal Measures that have been explored since before 1915 (Harper, 1915,
as reported in Herbert & Helby (1980)), along with several Triassic units, including the
Narrabeen Group, the Hawkesbury Sandstone, the Mittagong Formation, and the Wianamatta
Group.
2.1.1 Stratigraphy of the Sydney Basin
The Sydney Basin forms the southern subsection of the Sydney-Gunnedah-Bowen Basin on
the east coast of Australia, with an area of approximately 37,000 km2 exposed above sea level
and a further 15,000 km2 offshore (Danis et al., 2011). The basin has distinct structural and
geographic boundaries (Herbert & Helby, 1980). The northeast border of the Sydney Basin is
met by the New England Fold Belt, the western border is met by the Lachlan Fold Belt and the
northern border meets the Mount Coricudgy Anticline, which divides the Gunnedah Basin from
the Sydney Basin (Fig. 1) (Hamilton & Galloway, 1989).
a)
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a)

b)

Figure 1: a) An image of the Sydney Basin in Australia with the Lachlan Fold belt, Gunnedah Basin, and the
New England Fold Belt; and b) a zoomed in view of the Sydney Basin, outlining the location of the study site
within the Sydney Basin. (New South Wales Department of Planning, Industry and Environment, 2019.)
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The Sydney Basin is comprised of sediments ranging from the Carboniferous to Triassic
periods, however, it first developed in the Late Carboniferous to Early Permian. The base is
composed of the material from the Lachlan Fold Belt as well as segments of warped materials
from the New England Fold Belt (Danis et al., 2011). After widespread volcanism within the
rift zone took place in the Late Carboniferous to Early Permian, extensive marine sediments
were deposited in the Sydney Basin, along with widespread subsidence (Danis et al., 2011).
With the repetitive transgressive and more significant regressive episodes that occurred
throughout the Permian and Triassic, the stratigraphy of the Sydney Basin was formed. The
composition of the Sydney Basin itself is comprised of the recurring deposition of terrestrial
and marine sediments, which resulted in the development of shales, sandstones, mudstones,
and coal, as well as the occasional Jurassic to Cenozoic igneous intrusions (Danis et al., 2011;
Herbert, 1980; Ross, 2014)
The study site for this investigation is located above the Illawarra Coal Measures in the
Southern Highlands of New South Wales. This area has been an important source of economic
coal within the Sydney Basin. Figure 2 outlines the locations of eighteen drill holes that were
cored during the exploration of coal and petroleum throughout the region. The coal is due to
organic matter being deposited during three major regressive events in the Permian, depositing
both terrestrial and marine sediments (Herbert, 1980). The Illawarra Coal Measures are
stratigraphically overlain by the Narrabeen Group. These rocks were deposited in the Late
Permian to Early Triassic when sediments were introduced from the New England Fold Belt
through alluvial systems (Danis et al., 2011). Overlying the Narrabeen Group are the
Hawkesbury Sandstone, the Mittagong Formation, and the Wianamatta Group, which are the
focal stratigraphic units of this study. These units are discussed more in sections 2.1.2, 2.1.3,
and 2.1.4.
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Figure 2: The locations of the cores used to help determine the stratigraphic layering of the study site (a) are
shown in yellow, while the studied rock outcrops are shown with pink and purple circles. The names Coal Trail
and Fire Trail were used to identify between the two. The Hume Highway outcrops studied referring to depth to
detachment are green. The location of the study site is outlined by the yellow square in context to the New South
Wales region of Australia (b). A higher definition image is displayed in Appendix A-2.

2.1.2 Hawkesbury Sandstone
The Hawkesbury Sandstone is one of the dominant lithological layers within the Sydney Basin
and is the main stratigraphic unit of interest of this study. It extends from Bundanoon in the
South to Cessnock in the North, with an approximate area of 20,000km2 surrounding and
underlying the Greater Sydney region (Geological Survey of New South Wales, 2021). This
Middle Triassic stratigraphic unit can be as thick as 290m in the central sections of the basin
(Conaghan & Jones, 1975). Its sedimentary structure is predominately sandstone, interbedded
with thinner layers of claystone and siltstone. Figure 3 indicates the stratigraphic boundaries
of the underlying Narrabeen Group, the Hawkesbury Sandstone, and the overlying Wianamatta
Group.
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Figure 3: A map showing the extent of the Narrabeen Group (Pink), which is overlain by the Hawkesbury
Sandstone (Yellow). The Hawkesbury Sandstone is then overlain by the Wianamatta Group (Green). These rock
units are apart of the Sydney Basin, with their location within Australia demonstrated by the yellow box in the
cutout on the top right of the image (New South Wales Department of Planning, Industry and Environment,
2019).
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Depositional Environment:
Although the Hawkesbury Sandstone is a dominant lithological layer within the Sydney Basin,
there has been some debate about its origin and formation. Some suggestions of the
depositional environments in which the Hawkesbury Sandstone formed have included littoral,
lacustrine, shallow marine, fluvial, aeolian, and estuarine (Conaghan & Jones, 1975).
Conaghan and Jones’s (1975) study further suggested that due to the evidence of a
unidirectional paleocurrent from cross-bedding within the sandstone, the depositional
environment is likely to be that of a low sinuosity or braided fluvial system, such as the
Brahmaputra River (Fig. 4).

a)

N

a)

0

2

4

6

8 km

N

b)
0

100

200

300

400

Figure 4: The Brahmaputra River in India with: a) a zoomed in example of a braided river system;
and b) the regional extent to which the Brahmaputra River extends, with the red box indicating the
geographical position of figure 4(a). The Hawkesbury Sandstone is believed to have formed of a
similar nature to the Brahmaputra River (Google Earth, 2021).
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The presence and interpretation of large cross-beds within the Hawkesbury Sandstone were the
basis of the braided river system model (Conaghan & Jones, 1975). Other features also
contributed to the interpretation that created the model, including a consistent direction of the
paleo flow across the basin, intraclasts of mudstone, and an excess of erosional surfaces
(Conaghan & Jones, 1975).
Ashley and Duncan (1977) suggested the alternative model of a barrier bar-tidal delta or an
aeolian environment as more appropriate, as these models could account for a range of subenvironments to explain different characteristics within the lithology. However, these models
fail to explain the one-directional paleocurrent observed across the entire basin, as well as the
absence of marine fossils (Rust & Jones, 1987).
The Conaghan and Jones (1975) model of a low sinuosity or braided river system was accepted
by Herbert (1980), who suggested that deposition originally began in the Middle Triassic from
Late Permian to Early Triassic material that has eroded. Herbert (1980) suggested that the
Sydney Basin tilted toward the northeast, inducing a change in the paleocurrent direction,
causing the braided river system to deposit a large amount of the eroded Lachlan Fold Belt to
form a sheeted facies that was 250 metres thick within some sections of the basin.
An additional investigation from Rust and Jones (1987) further reinforced the braided fluvial
system model of Conaghan and Jones (1975). Three facies were identified within the
lithological unit, including a stratified sandstone facies, massive sandstone facies, and a
mudstone facies, from most abundant to least abundant, respectively. Through the
interpretation of these different facies, Rust and Jones (1987) noted six main points of evidence
to further support the braided river system model: 1) channel switching was evident; 2)
evidence of channel-abandonment cycles; 3) the lack of overbank deposits; 4) specific
characteristics of channel sequences seen throughout the basin; 5) strata and mud clasts
indicative of winding bedforms at a flood stage in a channel system; and 6) evidence of bank
failure in major channels. All these features are indicative of a braided river system and provide
evidence that the Hawkesbury Sandstone likely formed in a similar depositional environment.
2.1.3 Mittagong Formation
The Hawkesbury Sandstone is overlain by the Middle-Triassic Mittagong Formation. This
lithological layer is composed of fine-grained sandstone, like that of the Hawkesbury
Sandstone, as well as small sections of siltstone and laminite (Herbert & Helby, 1980; Moffitt,
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1998). The Mittagong Formation has an approximate average thickness of six metres. Although
it is uncertain if the Mittagong Formation is a part of the Hawkesbury Sandstone or the
overlying Wianamatta Group, it is widely accepted that it forms a representation of the change
in environmental settings between that of the two stratigraphic layers (Herbert & Helby, 1980).
2.1.4 Wianamatta Group
The Wianamatta Group is the uppermost lithological layer seen within the Sydney Basin that
is linked to the tectonic activity in which it formed (Herbert & Helby, 1980). It was deposited
during a marine regression during the Triassic and is composed of two major divisions,
including the Liverpool and Camden-Subgroups. Within the Southern Coalfields, two major
formations are present, known as the Ashfield Shale and the Bringelly Shale. These are
separated by the less notable Minchinbury Sandstone (Herbert & Helby 1980). The full extent
of the Wianamatta Group can be seen in Figure 3.
The Ashfield Shale is at the base of the Wianamatta Group and is the second most dominant
lithological unit within the Southern Coalfields, behind the Hawkesbury Sandstone. It has a
thickness of approximately 44-61 metres in sections (Herbert & Helby 1980). The composition
of the Ashfield Shale is typically dark laminated siltstone or claystone, with minimal fine
sandstone grading upwards.
The Bringelly Shale is the uppermost section of the Wianamatta Group and is typically more
abundant in the northern section of the Sydney Basin (McNally, 2004). It has a much greater
thickness than the Ashfield Shale, with an average of approximately 250 metres. Unlike the
Ashfield Shale, which has less than 10% sandstone, the Bringelly Shale is typically comprised
of 20-30% sandstone throughout (Herbert & Helby 1980). It also contains siltstone and
claystone, laminite and sections of coal throughout. This evidence indicates that it may have
formed through a coastal alluvial plain during the Mid-Triassic (Herbert & Helby, 1980).
2.1.5 Tectonic Setting of the Sydney Basin
The stratigraphy and the structural formation of the Sydney Basin were formed due to several
tectonic events. The area formed part of the Eastern Gondwana active continental margin,
which during the Early to Mid-Permian, experienced extension due to its position within an
active subduction complex (Maravelis et al., 2020). This extension, which was responsible for
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the initial formation of the Sydney Basin, has also been referred to as the ‘Early Permian East
Australian Rift System’ (Korsch et al., 2009).
Herbert (1980) suggested that four major tectonic stages were responsible for the deposition in
the Sydney Basin, including the Currabubula, Hunter, Bowen, and Hawkesbury Tectonic
Stages (Bai & Keene, 1996). The Currabubula Tectonic Stage occurred in the Late
Carboniferous; whereby extensive volcanism occurred in the northern sections of the Sydney
Basin. The Lachlan Fold Belt stood at approximately 600 metres altitude during this time and
the volcanism within the rift zone produced depositional material to its east, as well as valleys
of conglomerates towards the south. After volcanism began to cease in the Early Permian, the
Hunter Tectonic Stage began (Herbert 1980). At this stage, the prominent Shoalhaven Group
was deposited within the Illawarra District from Early Permian marine sediments through
several depositional episodes, including an array of conglomerate, siltstone, and sandstone
formations.
The Bowen Tectonic Stage began after the Mid-Permian Hunter Orogeny, whereby the New
England Fold Belt uplifted, and the Sydney Basin experienced rapid subsidence. This triggered
erosional episodes and further deposition of sediments within the Sydney Basin (Herbert 1980).
This tectonic stage is when the majority of the significant Illawarra Coal Measures formed,
through alluvial and deltaic systems that predominantly deposited materials from the New
England Fold Belt.
The final tectonic stage was the Hawkesbury, which began in the Late Permian- Early Triassic,
and involves four distinct sedimentary lithologies, the Narrabeen Group, the Hawkesbury
Sandstone, the Mittagong Formation, and the Wianamatta Group (Herbert, 1980). Further
uplift of the New England Fold Belt occurred, with erosion supplying new material for
deposition within the area. Herbert (1980) suggests that this resulted in the lower Narrabeen
Group being deposited through two main alluvial fans spreading from the northeast of the
Sydney Basin to the southwest. This depositional event continued throughout the Early
Triassic, with some unconformities occurring due to additional subsidence in areas further from
the source, with a slower sedimentation rate occurring. Following the deposition of the
Narrabeen Group, the Hawkesbury Sandstone deposition began, where the Lachlan Fold Belt
experienced uplift to the southwest of the Sydney Basin, creating erosion of sediments within
the southern Sydney Basin (Herbert, 1980). Tilting from the tectonic activity induced a key
change in the paleocurrent, which ultimately developed the geological setting seen today.
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Figure 5 represents the different stratigraphic layers throughout the Sydney Basin, their time
of deformation, and the tectonic stages in which they formed.

Figure 5: A stratigraphic column for the Southern Coalfields within the Sydney Basin, indicating the age of
stratigraphic units, the tectonic stage in which they formed, and their hydrological units (Herbert 1980;
McMillan 2020; Sardella 2013)
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The Sydney Basin has been subjected to several episodes of tectonic activity, which ultimately
led to its present-day structural architecture (Fig. 5 & 6). The tectonic activity also developed
warping to create unconformities within the surrounding stratigraphy (Bembrick et al., 1980).
The Sydney Basin has been segmented into multiple divisions based on their structural settings.
Due to the uplift of the New England Fold Belt and the Lachlan Fold Belt, as well as the
numerous episodes of subsidence, many structural features were developed. For example, the
Lapstone Monocline bounds the Blue Mountains Plateau to the west of the Sydney Basin, while
at the south of the Sydney Basin, the Illawarra Plateau is bounded by the Nepean Monocline
and the Nepean Fault (Bembrick, et al., 1980).
The study site for this investigation is surrounded by several structural features that have
developed due to tectonic activity, such as the Bargo Fault, the Nepean Monocline, the
Balmoral Monocline, and the Camden Syncline (Fig. 7). These structures and the processes in
their development have further developed fractures and minor faults within the area that are
important in the development of results in this investigation.
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Figure 6: Sydney basin boundaries (Subdivisions of the Sydney Basin based on structural features
(Bembrick, et al., 1980: 7))
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Figure 7: Map of the study area in this investigation, with observed drill hole locations and locations of the two
train lines studied. (New South Wales Department of Planning, Industry and Environment 2019).
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2.1.5 Significant structural features of the Sydney Basin
Within the southern Sydney Basin, many structural features identified are due to regional
folding (Bray et al., 2010; Fergusson 2006). Many of these features can be seen in Figure 7.
Within the Southern Coalfields, and this study site in particular, the two main structural features
are the Lapstone Structural Complex and the Camden Syncline. The Lapstone Structural
Complex shapes the front ridge of the Blue Mountains Plateau and is composed of many faults
and monoclines, as well as minor folds, thrusts, and tectonic breccias over a length of
approximately 100km (Branagan & Pedram, 1990; Fergusson, 2006). It is thought to be linked
to the Camden Syncline through its stratigraphic thickness variation, as the Camden Syncline
has a greater thickness towards its centre due to accommodation space during sedimentation
(Memarian & Fergusson, 2003). The Camden Syncline is very broad with shallow dipping
limbs, at less than 2̊ degrees and plunging north-northeast, with intersections of folds and faults
on its western limb from the southern Lapstone Monocline (Bray et al., 2010). The Southern
section of the Camden Syncline is seen within this case study (Fig. 7) and is a prominent
structural feature that may have some implication to the mechanical stratigraphy of the study
site.
Throughout the southern Sydney Basin, a considerable amount of regional deformation is
recorded in the Permian-Triassic succession. Peacock and Shepherd (1997) completed a study
to assess the fracture and fault sets within the Southern Coalfields of New South Wales. This
study was completed at West Cliff Colliery, approximately 40km northeast of Bargo, in which
they explained some of the regional deformation patterns relating to structural geological
concepts. In the colliery, they state that normal faults that strike west-northwest are a result of
extension from north-northeast. They indicated that there is regional dextral displacement of
these faults, which is apparent from north striking fracture zones. Following the extension
event, Peacock and Shepherd (1997) suggest that a southeast-northwest contractional episode
occurred, resulting in thrust zones that strike northeast. They concluded that within their study
at the West Cliff Colliery, a variety of transfer structures were present amid overstepping
normal faults, which were altered to strike-slip relay ramps during contraction. They
interpreted thrusts and sinistral strike-slip faults developed within these relay ramps.
Similarly, Memarian and Fergusson (2003) assessed the fracture sets within the Sydney Basin,
with a key focus between Wollongong and Coal Cliff, east of the study site. They described
the fracture sets as being two distinct clusters of three fractures. The first group was noted to
have orientations at 010 ̊, 043 ̊, and 128 ̊. They suggest that the fractures at 010 ̊ were related to
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the Camden Syncline, the fractures at 043 ̊ were related to contraction structures at Hunter
Valley, and the 128 ̊ fractures were attributed to normal faulting. The second group of fractures
were described as trending 024 ̊, 097 ̊, and 167 ̊, and were attributed to the original stress
occurring during the development of the Eastern Australian passive margin (Memarian &
Fergusson, 2003). The evidence of structural geological patterns within the West Cliff Colliery
and through fracture patterns between Wollongong and Coalcliff could be seen as a
representation of the regional structural geology patterns throughout the Southern Coalfields
(Memarian & Fergusson, 2003; Peacock & Shepherd, 1997).
Faulting within the Sydney Basin is seen on a regional scale, with faults being visible on both
a surface and subsurface interface, most prominent in the eastern sections of the Southern
Coalfields (Moffit, 1998; Tonkin & Timms, 2014). Mine-scale faults throughout are typically
normal faults that trend south-southeast or north-northwest. They are often related to regional
folding, trending either perpendicular or parallel to folds throughout the Southern Coalfields
(McMillan, 2020; Moffitt, 1998). Table 1 and Figure 8 outline the major faults and tectonic
features found within the Southern Coalfields, with the relative directions in which each of
them trends (Moffitt, 1998).
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Table 1: Major structural components and igneous intrusions in the Southern Coalfields (Moffitt, 1998, p 65),
as visually represented in Figure 8
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Figure 8: Major structural components and igneous intrusions in the Southern Coalfields (Moffitt, 1998, p 69), as listed
in Table 1.

2.1.6 Detachment faults
Previous studies have theorised that the regional deformation throughout the Sydney Basin has
been due to basement control of the Lachlan Fold Belt (Branagan & Pedram, 1990; Bray et al.,
2010; Fergusson, 2006). It is believed that the regional folding and associated fractures, as well
as significant structural features such as the Lapstone Structural Complex and the Camden
Syncline, are related to thrust faults that have formed within the basement (Fergusson, 2006).
The Lapstone Structural Complex is comprised of several monoclines, reverse-faults, and other
19

minor structures such as folds, thrusts, and tectonic breccias (Branagan & Pedram 1990,
Fergusson 2006). Fergusson (2006) states that it is likely that a pre-existing thrust within the
basement was the reason for much of the development throughout the Lapstone Structural
Complex. Branagan and Pedram (1990) also state the likelihood of structural control was based
on basement deformation. They also state that the present-day morphology is likely due to
basement-related uplift of the Lapstone Structural Complex during the Mid-Cenozoic.
Little has been studied about alternative methods of deformation throughout the Sydney Basin,
however, Fergusson (1998) noted a previous study completed in Narooma (south of the study
site within the Sydney Basin) indicated a ‘major detachment’ that was linked with a tectonic
mélange, indicating the potential for similar results elsewhere throughout the Sydney Basin. A
key indicator to the possibility of a detachment fault being to cause of deformation within
surface lithologies is the presence of mechanical stratigraphy, which is explored more in
section 2.2.2 (Gonzalez-Mieres & Suppe, 2006; Hayes & Hanks, 2008).

2.2 Interpretation of Structural Geology
The field of structural geology studies the mechanisms and results of deformation within the
lithosphere (Fossen, 2016). Through studying geological structures, one can determine the past
and future evolution of present-day rocks, determine suitable locations for mining a variety of
resources, determine the structural integrity of different lithological features, and can gain
knowledge of the way fluid flows through rock (Fossen, 2016). The application of structural
geology techniques of the study site could provide a wealth of knowledge on the impacts of
mining on the surrounding environment, and as such, is a key focus of this investigation.
2.2.1 Faults and Fractures
The concepts involved in structural geology are abundant, with many complex features and
concepts enveloped in the study (Park, 1997). Within this investigation, the key structural
elements investigated were the fractures that potentially formed due to the development of
broader folds and faults.
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Fractures can develop in rocks through multiple means. They can be classified as shear (slip)
fractures or extensional fractures, (joints, veins, and fissures), as shown in Figure 9 (Fossen,
2016). Memarian and Fergusson (2003) noted that most of the abundant fractures seen within
the Hawkesbury Sandstone were joints. They state that these joints likely formed through the
occurrence of tensile stress at the tip of them, and therefore, give some indication of past stress
fields. Joints, and other extensional fractures, can facilitate the movement of fluids and gas,
such as water, and various forms of hydrocarbons. However, these properties are typically
unique to the surrounding rock mass (Fossen, 2016).

Figure 9: An example of different types of fractures (Fossen 2016, p 125)

Joints typically form through stress that is related to tectonism or cooling and/or contraction,
which as previously mentioned, is known to have occurred throughout the study site (Fossen,
2016; Herbert, 1980; Maravelis et al., 2020; Park, 1997). One concept that can play a part in
the development of and characteristics of joints is mechanical stratigraphy, which is discussed
in detail in section 2.2.2.
The movement of water through joints and fractures is attributed to several factors, with a
significant one being aperture (Fossen, 2016; Tammetta & Hewitt, 2004). Where rocks, such
as the Hawkesbury Sandstone, have their own permeability and porosity values, fractures have
their own unique values, creating a secondary permeability throughout the rock unit (Dale,
2015; Fossen, 2016). The Hawkesbury Sandstone is a brittle rock with an average fracture
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aperture of 0.1mm to 0.5mm, with typically larger apertures towards the surface (Dale 2015;
Gale et al., 2013). The range in apertures throughout different lithological layers ultimately
greatly impacts the amount of fluid storage and flow through the rock, as discussed further in
Section 2.3.
2.2.2 Mechanical Stratigraphy
Mechanical stratigraphy describes the notion in which stratigraphic units are distinguished
according to material characteristics, and how these characteristics reflect how different
mechanical layers respond to stress (Fossen, 2016). These properties include brittleness, elastic
stiffness, tensile strength, and fracture mechanics, as well as bed thickness, and the frictional
properties between each mechanical unit (Ferrill et al., 2017; Laubach et al., 2009). The amount
of deformation seen in each stratigraphical unit has been subjected to a variety of terms in
which singular layers are described. These include ‘strong’ or ‘weak’, ‘competent’ or
‘incompetent’, and ‘soft’ or ‘stiff’ (Ferrill et al., 2017). Units that are described as ‘stiff’,
‘strong’, or ‘competent’ are typically less prone to become deformed, often maintain their bed
thickness and length, and typically do not deform in a ductile manner. On the other hand, rock
units that are described as ‘soft’, ‘weak’, and/or ‘incompetent’ typically deform more easily,
are more prone to changes in bed thickness and length, and are highly ductile (Ferrill et al.,
2017). These structural units have previously been named “struts”, “lithotectonic units”,
“structural lithic units” and “structural units” in previous studies (Woodward & Rutherford,
1989).
A major driving force of mechanical stratigraphy is the rock’s material properties, including
mineralogy, texture, porosity, hardness, and cementation (Ferrill et al., 2017). In sedimentary
units, such as those within the Permian-Triassic succession in the Sydney Basin, strong
mineralogical elements are often quartz, calcite, and dolomite. The weaker mineralogical
elements often include clays, shales, organic carbons, and evaporite minerals, such as anhydrite
and gypsum (Ferrill et al., 2017; Fossen, 2016). Weaker mineralogical layers also have the
potential to greatly impact the level of deformation in zones of faulting and folding (Erickson,
1996). For example, Woodward and Rutherford (1989, as reported in Erickson (1996)) stated
that in fold-and-thrust belts, the stratigraphic sequence often includes a weaker shale or salt
décollement layer, overlain by a stronger carbonate layer, which is overlain by a clastic rock
layer. These workers suggest that the weaker salt décollement layer largely affects the level of
deformation within the entire fold-and-thrust belt. The décollement layer is often referred to as
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the detachment layer where detachment folds are present in such a system (Gonzalez-Mieres
& Suppe, 2006; Hayes & Hanks, 2008).
Figure 10 shows an example of mechanical stratigraphy on an outcrop at Austinmer Beach,
located approximately 35 kilometres east of the study site. Thinner layers annotated in the top
of the outcrop have smaller bed-bound fractures that are much closer together than the thicker
layers beneath. This is due to their different mechanical properties and their behaviours during
deformation (Hayes & Hanks, 2008).

Figure 10: A demonstration of mechanical stratigraphy on an outcrop at Austinmer Beach, NSW. Thinner
layers annotated in the top of the outcrop have smaller bed bound fractures that are much closer together
than the thicker layers beneath. A thong was used for scale at the base of the image and represents 30cm
length.

2.3 Hydrostratigraphy
Throughout the study area and surrounds, many projects relating to the movement of
groundwater through stratigraphic layers in the Sydney Basin have been undertaken. These
projects and studies have been related to research on groundwater supply during periods of
drought, the movement of saline groundwater through shales that creates salt scarps on the
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surface, and groundwater monitoring concerning gas and coal mining operations (Green et al.,
2010; McNally, 2004; Ross, 2014; Hydrosimulations, 2020; Sardella, 2013). Many attributes
affect the level of groundwater movement through stratigraphic layers, including porosity,
storage, permeability, hydraulic conductivity, and the fracture networks throughout them
(McMillan, 2020). These key attributes aid in determining the size and distribution of aquifers
and aquitards.
2.3.1 Aquifers in the Sydney Basin
The primary aquifers in the Sydney Basin are the Hawkesbury Sandstone, which extends
throughout the entire basin, the Robertson Basalt, which is a Cenozoic basalt found to the south
of the study site, and the Botany Sands Aquifer, which is a primary Quaternary aquifer within
the eastern suburbs of Sydney (Badenhop & Timmus, 2009; Hydrosimulations, 2020; Sardella,
2013; WaterNSW, 2016). The aquifer system within the Hawkesbury Sandstone varies
throughout, being semi-confined toward the surface and confined at depth (WaterNSW, 2016).
It is typically exploited more than the deeper groundwater aquifer systems in the Narrabeen
Group, as it has a higher quality and yield of groundwater (Ross, 2014).
The Hawkesbury Sandstone is composed of predominantly quartz grains (90.1%), and minor
amounts of feldspar (0.3%) (Al Gahtani, 2012). The formation occasionally contains fine or
very coarse grains but is typically medium- to coarse grained throughout. The formation
generally has low permeability, which is associated with the fine to medium grained sections.
Higher permeabilities correspond to the coarse-grained sections of the unit (McMillan, 2020).
The introduction of different elements such as charcoal, mud-clasts, and granules also means
that the permeability is relatively variable throughout (Liu et al., 1996). Within the
Hawkesbury Sandstone, the aquifer is largely horizontal because of the change between
massive and sheet facies, however, some vertical seepage occurs through fracture networks
(McMillan, 2020; Sardella, 2013). This results in the permeability being relative to both
fractured and porous flow, and as such, permeability in the horizontal direction is less variable
than in the vertical direction. This results in the hydraulic conductivity being greater within the
fracture zones.
The primary porosity of the Hawkesbury Sandstone is related to the voids between grains
throughout the rock layer. The secondary porosity is attributed to faults, fractures, joints, and
bedding planes within the rock (Sardella, 2013). The Hawkesbury Sandstone has an average
total porosity of 5 – 20% and the hydraulic conductivity varies highly throughout, ranging from
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10-7 to 10-4 m/s (Liu et al., 1996). The reason for this variation in hydraulic conductivity is
considered to be based on the fracture networks present and the change in physical
characteristics throughout the stratigraphic layer (McMillan, 2020).
2.3.2 Aquitards in the Sydney Basin
Throughout the lithological units within the study site, there are many aquifers, which are
predominately sandstones, and aquitards, typically being shales and claystones (Fry & Ross,
2013). The main aquitard in the study area is the Bald Hill Claystone (McMillan et al., 2018;
WaterNSW, 2016), which is a Triassic formation within the Narrabeen Group and lies at the
base of the Hawkesbury Sandstone. Other minor aquitards that are noteworthy are the
Wianamatta Shale and Mittagong Formation, which lie above the Hawkesbury Sandstone
throughout the study site (McMillan et al., 2018; Ross, 2014). The Bald Hill Claystone aquitard
is noted as being the primary feature that limits the vertical movement of groundwater. This
unit has a slightly lower vertical hydraulic conductivity than the Hawkesbury Sandstone above
it, with a mean of approximately 10-8 m/s and 10-7 m/s respectively. Pells and Pells (2012) state
that the Bald Hill Claystone is an aquitard rather than an aquiclude due to its low permeability
properties.
2.3.3 Igneous Intrusions
Within the Sydney Basin, there are several Jurassic- Palaeocene igneous intrusions in the form
of sills, dykes, and laccoliths (Ross, 2014). The well-completion reports that were examined
during this investigation to further understand the stratigraphy within the study site were
inspected for igneous material. Micro-syenite and dolerite were recorded in three cores,
including DM Wollongong DDH13, DM Wollongong DDH18, and DM Wollongong DDH80.
Igneous intrusions have the potential to influence the amount of groundwater flow through
their surrounding aquifer, as the properties vary between the two (Comte et al., 2017).
Examples of the varying properties that may influence groundwater flow between the aquifer
and the igneous intrusion include the mineralogy, porosity, hardness, and cementation. In cases
where the igneous intrusions are less porous and more cemented than the surrounding aquifer
and are unfractured, they can create a hydrogeological barrier, meaning that water can no longer
move vertically through the aquifer (McMillan, 2020).
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2.4 Subsidence
Subsidence can be a consequence of longwall mining (Singh, 1986; Xuan & Xu, 2014). The
mining operation affects the natural stress field surrounding it, which in turn, has the potential
to change the geometry of strata and geological structures above and near the mining operation
(Singh, 1986). Mining induced subsidence has the potential to highly affect the aquifers
surrounding the mine site, enlarging or enclosing fractures, as well as deforming or displacing,
impacting the structures or stratigraphic layers that may have previously facilitated or blocked
groundwater flow (Jankowski, 2007).
Jankowski (2007) and Jankowski et al. (2008) identified subsidence above longwall mining in
the Southern Coalfields to be approximately 1.4-1.8 metres of downward movement. This scale
of movement has the potential to dramatically affect existing fracture networks and bedding
layers throughout. As well as the subsidence affecting the storage and fluid flow properties of
existing individual fractures, it also has the potential to affect the interconnectivity within the
entire system (Jankowski, 2007; Jankowski et al., 2008). Figure 11 outlines the results of
underground longwall mining in terms of hydrogeological variations to permeability, with
vertical permeability increasing further toward to surface (Independent Expert Panel for
Mining in the Catchment (IEPMC), 2018).

Figure 11: An example of the implications of underground longwall mining in relation to the hydrogeological
effects (Independent Expert Panel for Mining in the Catchment (IEPMC), 2018, p36.)
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2.5 Digital Geological Modelling
2.5.1 Traditional techniques
Within the geoscientific field, it has become increasingly more crucial for the development of
new geological modelling software to gain a better method of interpreting geological features
throughout the world (Turner, 2006). With digital modelling software that aids in determining
the stratigraphic architecture and structural features, it is much more accurate and time-efficient
to determine what the best geographical locations are for exploration (Huang et al., 2015).
Computer-generated geological maps were the gateway to developing complex geoscientific
software platforms, with the development of the first computer-generated coloured geological
maps produced in the early 1970s (Turner, 2006). The 1970s did not see any geospatial
computer software become commercially available, however, this changed in the 1980s, with
the development of ‘Geographic Information Systems’, known as GIS (Turner, 2006). Threedimensional geological modelling requires further methods than traditional GIS, with not only
aerial data of the environmental, geological, and topographical features needed, but also the
definition of subsurface features. The manipulation of the various volumetric data to create
computer-based geological models was later termed “Geoscientific Information System’’, or
GSIS (Ritsema et al., 1988, as reported in Turner (2006)). After 1989, this term was widely
used to describe systems that manage the analysis of geoscientific data to develop 3D models
within computer-based programs (Turner, 2006).
Traditionally, geological modelling was developed based on borehole intersections, as well as
geological surface mapping and interpretation of cross-sections and seismic reflection imagery
to develop a 3D model (Birch, 2014). The resultant model and its features reflect the modeller’s
abilities and training and often required interpretations where uncertainties were presented.
Cowan et al. (2002) state that geological modelling was traditionally performed through
interpreting sections of geology as it was digitised, which meant that the interpretation and the
digitisation process could not be separated. From these data, a triangulation algorithm was used
to connect tie-lines between 2D cross-sections to create a 3D mesh. The fact that this method
is reliant on the interpretations from the creator of the model, leaves room for inaccuracies and
means it is often difficult to verify the accuracy of 3D models (Birch, 2014).
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2.5.2 Photogrammetry
Photogrammetry does not have a universal definition; however, it can be loosely defined as the
process of collecting information on the surface of a particular object without physically
contacting it, and then assessing and interpreting the information (Schenk, 2005). The name
itself originates from Greek terms, ‘phos’, meaning light, ‘gramma’, meaning something
drawn, and ‘metrein’, meaning to measure (Schenk, 2005). Photogrammetry involves the
collection and processing of photographs or images, resulting in 2D and 3D models and
orthoimages, which can be used for mapping and in demonstrating the visualisation of the
subject (Baltsavias, 1999). Through having one object point on two or more images, the 3D
geometry of the object can be calculated and modelled with latitude, longitude, and altitude
coordinates presented (Linder, 2009).
Photographs that are used for photogrammetric studies are often taken aerially and can be used
for a multitude of purposes. For example, one study has introduced an online dataset of the
New South Wales beach profiles, which have been modelled based on photogrammetry from
aerial imagery, taken as far back as the 1930s (Harrison et al., 2017). In this study, two or more
images along each profile had their data extracted through a stereo-plotter, which resulted in
graphical data that represents the dune and beach movement over time. Other studies use
photogrammetry software to develop visual 3D models for mapping and geographical
modelling purposes, including studies by Frankl et al. (2015), Haneberg et al., (2006),
Javernick et al., (2014), Oka (1998), Tavani et al. (2014), and Yakar (2011). Each of these
studies uses digital photogrammetry, through a combination of intersecting images to model
geographical information while demonstrating its efficiency, accuracy, and ease of use to
display important scientific data. An example from Hanberg et al., (2006) is shown in Figure
12.
In previous studies that have used photogrammetry to develop geological models, there are a
few integral reasons as to why this method was chosen. Yakar (2011) previously used
photogrammetry to model the Timras doline and determined it to be faster, more accurate, more
reliable, and safer than typical geological mapping and modelling techniques. Yakar (2011)
stated that in some instances, geological outcrops are dangerous to reach, and therefore
photogrammetry provides a safe alternative to geological mapping and modelling. Oka (1998)
also used photogrammetry techniques to model the effects of erosion on a geological outcrop
and noted the accuracy of this method to produce quantitative results.
28

Figure 12: An example of a 3D model developed with the use of photogrammetry software from Haneberg
Norrish and Findley. (2006). This study used photogrammetry to demonstrate rock slope remediation design and
found it to be a highly useful tool for engineering purposes.

2.5.3 Modern Modelling Techniques
New geological modelling software has been developed throughout the years, for example, the
development of Seequent’s Leapfrog® (Seequent, 2020) and Petroleum Experts (‘Petex’) IPMMOVE™ (‘MOVE’) (Petroleum Experts, 2021).
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Leapfrog® has been utilized in numerous studies to model the geological features of an area
and is routinely used by the minerals exploration industry. It has been useful in gaining a better
understanding of the aspects unique to each investigation. For example, one study used
Leapfrog® to model the Horto-Baratinha iron deposits with the use of drill hole data and data
collected from surface mapping (Braga et al., 2019). The software used different points that
represent geological contacts to produce a 3D model of the lithological units. It then
interpolated the dataset from the acquired drill holes to generate the 3D geological model
(Braga, et al., 2019; Cowan, et al., 2002). Further refining was required to ensure that the model
was accurate. Braga, et al. (2019) found the software to provide accurate results while being
efficient and flexible in comparison to traditional methods. Leapfrog® has also been the feature
of Cowan et al’s (2002) study, to demonstrate the necessity for more rapid methods in
geological modelling.
Another geological modelling software package is MOVE™. MOVE™ was recently used in a
study to develop 2D and 3D models in which fault geometry and stratigraphic layering were
reconstructed to further understand the sub-surface geometry of seismically active areas
(Porreca et al., 2020). Another example of a study that developed a 3D geological model with
the use of MOVE™ was conducted by Hansman and Ring (2019). This study discusses the
workflow in using a combination of remotely piloted aircraft and 3D geological modelling
software to collect data and generate a 3D model remotely. The aerial imagery collected was
converted into a 3D mesh using photogrammetry construction software, after which the obj.
file was then imported into MOVE™. A combination of well logs, seismic surveys, and the
imported obj. files were then used to develop a comprehensive 3D geological model.
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3 Methods
This project required a combination of fieldwork and the utilisation of different computer
software. The two main software packages that were used were AgiSoft Metashape
(‘Metashape’), which is discussed further in section 3.2.1, and IPM-MOVE™, which is
discussed further in Section 3.2.2

3.1 Fieldwork
The first process required for the collection of data within this investigation was through
completing a reconnaissance trip to the study area (Fig. 2) on 1st April 2021. As the study area
is approximately 80km2, the most suitable locations for geological interpretation needed to be
established. These locations were selected on the basis of being safely accessible.
Safety was a primary concern for each location within the study area, as all the rock exposures
were found next to freeways or train lines. To overcome this barrier, the method of using
photogrammetry to model the outcrops was selected. Collecting images in the most appropriate
locations regarding safety, allowed for the collection of information and data that would aid
the project, without the need of having to physically touch the rocks. Two train corridors were
selected to collect images that the model would later be based off. These were arbitrarily named
“Coal Trail” and “Fire Trail”. The location of both is shown in Figures 2 and 7.

3.2 Software and Hardware
The software used to complete this study included Metashape, MOVE™, Inkscape, ArcMap,
and Photo Mechanic. The computer systems used throughout the process was a combination
of 2 systems, which both ran on Microsoft 10 Enterprise (64-bit), Intel® Core ™ i7-3770 CPU
@ 3.40 GHz and had 16.00 GB of RAM and (64-bit), Intel® Core ™ i7-8665U CPU @ 1.90
GHz and had 32.00 GB of RAM.
3.2.1 AgiSoft Metashape Professional (version 1.7.3)
One of the two major software programs that were used in the development of the final model
was AgiSoft Metashape Professional. Metashape is a 3D modelling software that uses digital
photogrammetry techniques to extract key features within a combination of images and
produce a 3D surface of the target dataset (Lastilla et al., 2020). It is capable of processing
large data sets of over 50,000 images and has previously been used for a number of scientific,
commercial, and personal projects (Agisoft Metashape, 2019).
31

Metashape operates through four key stages, at which the result of each process can be exported
independently or be used to initiate the next stage. These stages include aligning photos,
building a dense cloud, building a mesh, and building texture. Through each of these processing
stages, a variety of settings can be adjusted depending on the source images and the final
product desired. A visual explanation of the overall process in the establishment of a
photogrammetry 3D model can be seen in Figure 13, with an in-depth analysis and further
explanation of its use in this study in section 3.3.1.

Figure 13: Workflow in AgiSoft Metashape that produces a 3D photogrammetry model.

3.2.2 IPM-MOVE (version 2020.1- IPM 12.5)
MOVE™ is a geological modelling software package that was originally developed by
Midland Valley Exploration Ltd, and now Petroleum Experts Ltd (Petex) after they merged in
2018 (Hansman & Ring, 2019). Within this software package, several features can be used to
develop a complete 3D structural model. The MOVE™ suite offers the opportunity to create
cross-sections, interpret data, and interpret kinematic restoration, whilst also providing a
program to develop 3D, fracture, fault response, sediment and geomechanical modelling
(Petroleum Experts, 2020). These features can be seen in Figure 14, which outlines the variety
of modules encompassed in the MOVE™ suite.
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Figure 14: The variety of modules used to make up the MOVE suite (Petroleum Experts, 2020).

3.2.3 ArcMap (version 10.7)
ArcMap is one of the ArcGIS desktop applications that is used to execute spatial analysis,
create maps, and coordinate geographic data to share with other readers. Various data sets can
be acquired and layered to create maps of different focal points. For example, for this study,
vector files were used to display information on the geological features within the study site,
while raster files were collated and used to develop a Digital Elevation Model (DEM).
3.2.4 Inkscape
Inkscape is a vector graphics program that is used for technical and artistic drawing and design.
Inkscape allows the user to develop and edit images and illustrations. This software was used
to annotate different geological features, as well as the development of the core log
comparisons in Figure 25.
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3.2.5 Photo Mechanic
Photo mechanic is a media browser application that allows the user to manage, edit, view, and
export digital images with ease. This application was used to geotag images that were taken in
the field, by combining GPS coordinates from a Garmin GPS and images taken via an iPhone
that were not originally geo-tagged.

3.3 Workflow- Fieldwork and AgiSoft Metashape Professional
During this investigation, the process of using Metashape and determining the best settings and
procedures to complete the task went through several phases. After the initial reconnaissance
field trip, three additional field trips were required to collect more photographs of sites that
would further develop the photogrammetry models needed for importation into MOVE™. The
varying sites that were assessed, with photogrammetry models made, were uniquely named so
that there was little confusion during communicating which sites were which. These unique
names and the locations of each site can be seen in Figure 1. The procedure in making a
photogrammetry model for each of these sites was identical, and thus the example of Coal Trail
1 is given as an overall method for Metashape in this study.
3.3.1 Processing Trial
Coal Trail was the first site that was visited on 01/04/2021 and provided two walls
approximately 220 metres long of exposed sections of Hawkesbury Sandstone, the Mittagong
Formation, and the Wianamatta Group. This site shows abundant fractures within the
Hawkesbury Sandstone and was easily accessible by car. This site was chosen as the first site
to create a 3D model in Metashape and provided the best opportunity to trial and upskill with
the software.
On the initial trip to Coal Trail on 01/04/2021, 886 photos were taken between 12.00 pm and
12.40 pm on the west side of the rock corridor (Coal Trail 1), and between 2.40 pm and 3.10
pm on the east side of the corridor (Coal Trail 2). These photos were anticipated to be applied
to generate a 3D photogrammetry model. Due to the variations in time of day, several shadows
were cast on some of the rock surfaces (Fig. 15 (c & d)) which, along with vegetation in some
of the images, later impacted the processing during Metashape procedures. Prior to this field
trip, the Southern Highlands had also experienced high levels of rainfall, resulting in
groundwater seeping onto the rock outcrop, casting wet patches, which also had the potential
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to impact the photogrammetry processing (Fig 15 (a & b)). The camera specifications for the
photos taken on this trip are outlined in Table 2.

a)

b)

b)

a
)

c)

d)

Figure 15: Images of the rock corridor named ‘Coal Trail’ in Yanderra, New South Wales: a) and b) Coal
Trail 1 displaying groundwater runoff onto the rock outcrop, which had the potential to impact photo
alignment during Metashape processing; and c) and d) Section of Coal Trail 2 outcrop displaying shadows
due to the time of day and sun position which again, may have an impact on photo alignment during
Metashape processing

Along with the first photos of Coal Trail, the photos for Fire Trail were also collected on
01/04/2021. The weather conditions remained the same throughout the day, however, the 182
photos taken at this site were collected between 12.55 pm and 1.10 pm. Fire Trail had an
exposed rock surface that included the Hawkesbury Sandstone, the Mittagong Formation, and
some sections of the Wianamatta Group. However, due to safety reasons, the majority of the
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Wianamatta Group had been cleared back from the top of the rail corridor, likely so that there
was less risk of rocks falling onto the tracks and causing safety risks. Much of the Wianamatta
Group was also covered in vegetation, and therefore, it was difficult to interpret the data within
this rock formation.
The first trip to both of these sites was a good opportunity to view the rock outcrops and
contemplate the geology and the mechanical stratigraphy throughout. This was a good chance
to become familiar with the stratigraphy within the area and enabled a better understanding of
the sorts of features that were notable within the study site. Figure 16 shows a sketch drawn in
the field on 01/04/21 that was a good example of two identifiable fractures within the
Hawkesbury Sandstone that could be annotated in the MOVE™ model once completed.

Figure 16: Sketch of fracture at Coal Trail 1 drawn in the field on the
1/4/21
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Once the photos were collated, they were uploaded into Metashape. The images were taken
from one side of the train track, looking down at the opposite side. As a result, some of the
images had vegetation from the captured photo side that needed to be masked out. This was
done so as not to affect the alignment process, and to ensure that the most appropriate key
points were taken from each image. Figure 17 shows an example of the initial masking
requirements chosen, which only included the Hawkesbury Sandstone, the Mittagong
Formation, and the train track directly underneath each side of the rock platform. This masking
process was used in the assumption that the most important features on the rock surface would
create tie points and the vegetation would not create unnecessary confusion.

Figure 17: An example of one of the photos from Coal Trail 1 in which masks were applied to all of the
relevant photos to include only the Mittagong Formation, the Hawkesbury Sandstone and the adjacent train
track.

After the masks had been added to all the relevant photos in the initial trial, the photos were
aligned through the workflow menu on Metashape. In the “align photos” process, the software
will develop a sparse point cloud by determining the camera orientation and position. Tie points
are established, and approximate positions are determined based on distinguishable features
within the source photos, which also aids in creating the sparse point cloud.
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Initially, each of the models from Coal Trail 1 and 2 were anticipated to be developed in one
singular chunk, displaying the entire outcrop. However, once these models were imported into
MOVE™, several slight errors in the model were presented. These included aspects such as
slight curves in the model and changes in elevation that were not accurate. As such, adjustments
to the modelling process in Metashape were required. These included the need to create smaller
chunks of each side that would later be imported into MOVE™ individually.
After the trial to produce the most appropriate methodologies in Metashape was complete, a
photogrammetry model of Coal Trail 1, Coal Trail 2, and Fire Trail was established. The use
of drone imagery at Coal Trail was also used to develop a photogrammetry model of the entire
rail corridor for further geographical reference as well.
3.3.2 Photogrammetry Final Procedure
Collecting photos
The initial trial and error process of using Metashape to develop the 3D photogrammetry model
was a lengthy process that produced several obstacles to overcome. The first of these was the
need for new photos that were more appropriate, with fewer shadows and watermarks. On
10/06/21, another field trip took place to the Coal Trail site, where 715 photos were taken of
both sides of the train corridor at Coal Trail between 10.40 am to 11.30 am. The camera
specifications for each field trip are shown in Table 2.
The weather on 10/06/2021 was overcast and there had been little rain on the days leading up
to the field trip. This meant that the rock corridor was not overly affected by shadows or water
runoff on the rocks and the conditions were appropriate for gaining usable images for
Metashape. The photos were taken with the following parameters: a) inclusion of the train
tracks below; b) including as little vegetation as possible to ensure the masking process was
less time consuming; and c) the full surface of the rock outcrop, including the Hawkesbury
Sandstone, The Mittagong Formation, and the Wianamatta Group. A Garmin GPS (GPSmap
78s) was carried throughout the field trip at Coal Trail to record a track of camera locations,
which would later be added to the images, to ensure coordinates were attached when importing
them into Metashape.
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Table 2: Camera specifications for ‘Coal Trail’ site on the two field trip days. The weather was sunny on 1/4/21
and overcast/raining on 10/6/21.
Camera
iPhone 8
iPhone
XR

Date
visit
1/4/21

of

10/6/21

Number of
photos
886

Resolution

GPS

F-stop

ISO

3024 x 4032

Yes

f/1.8

ISO-20

Exposure
Time
Varying

714

1536 x 2048

No

f/1.8

ISO-50

Varying

Geo-referencing images
Before the Coal Trail photos were uploaded into Metashape, they needed to be geo-referenced
by adding the coordinates through a program called PhotoMechanic. The Fire Trail images
were also geo-tagged and therefore did not require this step. Photo Mechanic allowed the GPS
coordinates collected with the Garmin on the field trip to be cross-referenced with the photos
taken, based on the times that the photos were taken.
Uploading/ Sorting Photos
Once the 303 images were geotagged, the western side of the train corridor was chosen to be
the first side modelled. After the previous trials, it was decided that the masking process needed
to be altered. The Wianamatta Group was included in the final unmasked section of the images,
while the vegetation remained masked out. The adjusted masking technique can be seen in
Figure 18.
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Figure 18: The final masking method established after adjustments were made so that the vegetation was not
included in the alignment process, but the Wianamatta group was.

Once masks had been applied to all the relevant images, the images were manually sorted and
grouped into camera stations. A subset of images was assigned to different camera stations
based on the images that were taken from the one camera position. This step was crucial for a
successful alignment process, as it facilitated the program in determining different camera
locations.
Processing of 3D photogrammetry models
After masks were applied to each rock cutting, the following step in the process was the
alignment of the photos. This process was a crucial part of the development of the
photogrammetry models. It ensured that any problem images were identified, that could later
be removed or have markers assigned manually to focal points to aid in further alignment. The
settings for each of the following steps are seen in Table 3. At the end of the alignment process,
a sparse point cloud was produced, with the camera positions and orientations identified and
displayed within the model. Figure 19 demonstrates and provides an example of the camera
positions and orientations displayed for a section of Coal Trail 1, after the initial aligning
photos stage. Figure 20 demonstrates the result of a section of the sparse cloud from Coal Trail
1.
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Figure 19: After the Alignment stage of Coal Trail 1, the camera positions and orientations are displayed,
showing: the entire model of Coal Trail 1

Figure 20: A zoomed in section of the sparse point cloud created after alignment of photos in the final model of Coal Trail 1,
with 1,407,891 tie points developed throughout the process.

Once the alignment procedure had finished in each rock cutting, the sparse point cloud
facilitated the development of a dense point cloud. In this process, the software uses the
projected camera position and orientations to calculate depth data for each camera, resulting in
a dense point cloud, as seen in an example from Coal Trail 1 in Figure 21.

Figure 21: The product after the build dense cloud stage of the Metashape process, in which 27,382,139
points have been developed from the sparse cloud as seen in Figure 20.

After a dense cloud was created, this data could be used to develop a 3D polygonal model
(“mesh”). The points from the previously made dense point cloud and the depth maps were
used to develop the mesh, as seen in the example of a section of Coal Trail 1 in Figure 22.
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Figure 22: The product of the polygonal mesh developed during the build mesh stage of the Metashape software process, with
2,364,148 faces making up the final mesh. This mesh was established through using the dense point cloud as seen in Figure 21.

The final stage of the development of the 3D photogrammetry models was to build a “texture”.
The texture for the final models was a mosaic created from the source photos. This stage of the
processing provides highly detailed features to the model for interpretations to be made and is
a significantly important aspect of the final model. Figure 23 demonstrates a segment of the
final 3D photogrammetry model of Coal Trail 1, developed throughout the process with texture
included.

Figure 23: A segment of the final product of the 3D photogrammetry model of Coal Trail 1 with the texture added as the final
stage of the Metashape software process, including a mosaic of tile size 4,096. The final textured model was established through
the development of the dense cloud and mesh as seen in Figures 21 & 22.

Table 3 outlines the settings used throughout each step of the process to produce each
photogrammetry model. The final models for each site did have some holes throughout, with
the train track being incomplete and sections of the Wianamatta Shale also not being displayed.
This was not the main focal point for the overall investigation, however. The features needed
for the study were fractures displayed in the Hawkesbury Sandstone in the final model.
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Table 3: Parameters and settings chosen for the different stages of the Metashape process in creating a 3D model
of Coal Trail 1
Metashape
Workflow Stage
1. Align Photos

Setting
Type
General

Advanced

2. Build Dense
Cloud

General
Advanced

3. Build Mesh

General

Advanced

4. Build Texture

General

Parameters

Values Chosen for Coal Trail 1

Accuracy
Generic Preselection
Reference Preselection
Reset Current alignment
Key Point Limit
Tie Point Limit
Apply Masks to:
Exclude stationary tie points
Guided image matching
Adaptive camera model fitting
Quality
Depth Filtering
Calculate point colours
Calculate point confidence
Source Data
Surface Type
Quality
Face Count
Interpolation
Depth Filtering
Calculate vertex colour
Use strict volumetric masks
Reuse depth maps
Texture Type
Source Data
Mapping mode
Blending Mode
Texture size/ count

High
Yes
Source- yes
No*
100,000
0
Key points
No
Yes
Yes
High
Aggressive
Yes
Yes
Depth maps
Arbitrary (3D)
High
High
Enabled (default)
Aggressive
Yes
No
Yes
Diffuse map
Images
Generic
Mosaic (default)
4096 x 1

Advanced

Enable hole filling
Enable ghosting filter
*unless realignment is necessary due to errors

Yes
Yes

3.4 Workflow- Digital Elevation Model
For the final regional 3D geological model to be accurate and well representative of the true
geology of the study site, a Digital Elevation Model (DEM) needed to be created. A DEM of
the study site was derived from the digital elevation data in the Elevation Information System
(ELVIS), which provides information on the topography, bathymetry, and landscapes
throughout Australia (Intergovernmental Committee of Surveying and Mapping, 2021). The
digital elevation data were downloaded for the selected study area as a one-metre grid. These
data were then imported into ArcMap and tiles of small areas were stitched together to create
a DEM of the entire study area (Fig. 24).
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Figure 24: A map of the study area showing the DEM created using data collected from ELVIS (Intergovernmental
Committee of Surveying and Mapping, 2021).

3.5 Workflow- Core Analysis and IPM-MOVE
3.5.1 Core Analysis
An important process in developing the 3D regional model of the study area was to understand
the stratigraphy and import it into the model. This was achieved through collecting stratigraphic
and lithological data from eighteen wells that were drilled and cored for coal and petroleum
exploration purposes between 1963 and 1985. Metadata and summary (well-completion)
reports for each drill hole were accessed via the website from the Digital Imaging Geological
System (DIGS) database (New South Wales Department of Planning, Industry and
Environment, 2019).
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Each well report contained the geographical location of the hole, an in-depth description of the
stratigraphy throughout, the overall depth of the hole, the thickness and age of each
stratigraphic layer, and most contained a stratigraphic column to accompany the data. The well
completion reports were used to develop a figure comparing the change in stratigraphy
throughout the region, as well as identifying the thickness of each lithological layer (Fig. 25).
These comparisons of the cores are also shown in Appendix A at a higher resolution, as well
as the map to show where each core was situated. This information was analysed and imported
into MOVE™ to create stratigraphic layering throughout the final model.

Figure 25: An image of the visual representation of the well reports collected from MinView to display the
depths at which each lithological layer is present. The cores from left to right are representative of the core
locations from west to east. Topography varies throughout each site; however, they have been displayed with
each core starting at ground level to show the thickness of each stratigraphic layer. A higher resolution image
is shown in Appendix B. (New South Wales Department of Planning, Industry and Environment, 2019).
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3.5.2 IPM-MOVE Methodology
Along with AgiSoft Metashape, MOVE™ was one of the main software packages that was
used for the development of the regional 3D model. As such, numerous methodologies were
undertaken to create the final model, including the input of core data, a digital elevation model,
and different photogrammetry models and their supported textures.
The initial process in developing the regional 3D model was the importation of the core data
and the previously developed digital elevation model into the MOVE™ software. These
elements provided an understanding of the stratigraphy throughout the region as well as the
topography of the area. The drill hole data were imported via the ‘create wells’ function in the
MOVE™ software. When the photogrammetry models were also imported, the DEM provided
a point of reference to validate their position in terms of latitude, longitude, and altitude within
the model.
The previously developed photogrammetry models were imported into MOVE™ so that they
could be annotated to collect specific measurements of the fractures and the spacing between
them. The import process made use of the existing DEM and the Google map view to ensure
the photogrammetry models were placed in the correct location within MOVE™. Drone
imagery of Coal Trail also assisted in determining the spacing between Coal Trail 1 and Coal
Trail 2.
The photogrammetry models of each location were annotated once they were successfully
imported into MOVE™. Four major elements were identified when annotating the imagery.
These elements include (1) fractures, (2) bedding, (3) sedimentary structures (e.g., crossbedding and scours which are commonly seen in the Hawkesbury Sandstone) (Conaghan &
Jones 1975), and (4) anthropogenic features (‘half barrels’ - anthropogenic damage to the rock
surface caused by a rock drilling and explosives that were used to create the rock corridor)
(Conaghan & Jones, 1975). To accurately annotate the mesh surfaces, the different elements
were assigned individual colours, to visually communicate the varying elements within each
rock cutting. Figure 26 indicates the colour key used when annotating the mesh surfaces.
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Folded bedding layers
Cross bedding

Fractures

Figure 26: The annotation key for the 3D mesh surfaces annotated within MOVE with an example of the
annotation on a section of Coal Trail 1

The bedding layers, sedimentary structures, and half barrels were useful tools to identify
fractures more easily. Bedding layers were typically noted as flat-lying features, except where
folding was visible, such as in the Mittagong Formation in Figure 26. Sedimentary features,
such as crossbedding were identified through relatively parallel features that were repetitive
throughout the rock cutting. An example of this can be seen in Figure 26, where irregularities
in bedding occur. Half-barrels were always vertical to sub-vertical and were relatively regularly
spaced at approximately 30 – 60 cm throughout. The half barrels were often more visible in
the massive Hawkesbury Sandstone layers, rather than the finer-grained mudstone units of the
Mittagong Formation. Locating and annotating the position of fractures became much easier to
recognise after the other features were highlighted. Identifying the stratigraphic boundaries
between the Hawkesbury Sandstone, Mittagong Formation and Wianamatta Group also
allowed for the collection of measurements of bed thickness as well as fracture spacing and
length in both the Mittagong Formation and the Hawkesbury Sandstone.
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A 2-dimensional (2D) cross-section of each rock cutting was developed within MOVE™ to
visually represent the annotations made at each site and on both sides of the rock corridor at
Coal Trail. These sections were used within the software to measure bed thicknesses, fracture
length and fracture spacing of each site. The annotation key varied slightly between the mesh
and the cross-sections, to appropriately highlight the different features with varying
background colours. For example, the half-barrels are shown as yellow on the mesh surfaces
in MOVE™, and grey on the 2D cross-sections that were also developed in MOVE™.
Similarly, the stratigraphic boundaries are shown as both purple and orange on the mesh
surfaces within MOVE™ (Fig. 26), and black in the 2D cross-sections developed (Appendices
C, D and E).
The final output for the 3D model included the DEM, wells, three line-sets of polylines that
corresponded to the three rock outcrops, nine mesh surfaces that made up the three rock
outcrops, and two line-sets that were used to determine the depth to detachment on the Hume
Highway rock cuttings. Two 3D PDFs were created of Coal Trail and Fire Trail, which are
accessible via Cloudstor (Appendix H). However, these only display the mesh surfaces and the
polylines attached without texture. This is because the current version of MOVE™ does not
allow the texture to be exported via 3D PDF. Nesbit et al. (2020) outline the difficulties in
visualising and sharing 3D outcrop models due to the software required by the viewer, hence,
aa 3 PDF was selected to be the most suitable solution for sharing the MOVE™ output.

3.6 Calculating the potential groundwater storage and fluid flow within
fracture networks
Following the interpretation of each rock cutting, a combination of measurements was collected
relating to the observed fractures. Through the development of the 3D model, MOVE™
permitted a quantitative analysis to be performed. This was done in two steps. The first was
through assessing the fracture area based on fracture length and aperture width, relative to the
area of the rock, to determine the porosity. This provided the ‘calculated porosity’ within the
fractures in the Hawkesbury Sandstone at each site. In other words, the amount of water that
the fractures could hold according to their length and aperture.
The second step was to use two different equations to calculate the porosity and hydraulic
conductivity, to create a conceptual model of each. The conceptual model for porosity differed
from the calculated porosity, as it did not account for the length of fractures, but rather the
fracture spacing and aperture. The hydraulic conductivity was calculated to determine how far
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fluid would flow through the fractures each day, as outlined further in section 3.6.2. Both of
these conceptual models outline the values that should be expected for porosity (storage) and
hydraulic conductivity (fluid flow) within fractures based on the observed fracture spacing at
each outcrop.
3.6.1 Calculated fracture storage space
MOVE™ was used to measure the length of each of the fractures drawn onto the 3D model as
well as the area of each of the polygons that were drawn to define the thickness and extent of
stratigraphic layers. These data were used together with an assumed fracture aperture width, to
calculate the area coverage of fractures within each rock unit. This value is equivalent to the
potential water storage space created by the fracture network, defined as the calculated
porosity. Figure 27 and equations 1 and 2 outline the method in determining the calculated
porosity for fractures throughout the rock outcrops, where:
•

𝐴𝑓 is the area of fractures,

•

𝑙𝑓 is the total length of fractures,

•

𝑒 is the aperture width

•

S is the potential storage or observed porosity within fractures.

•

𝐴𝑝 is the area of the polygon,
𝐴𝑓 = 𝑙𝑓 ∗ 𝑒
𝑆=

(1)

𝐴𝑓
⁄𝐴 ∗ 100
𝑝

(2)

fractures

Rock outcrop
length of
fractures
(𝑙𝑓 )

Height of rock outcrop
(polygon)

𝑒

Length of rock outcrop (polygon)

Figure 27: the different elements used to calculate the calculated porosity within fractures based off
fracture length within rock outcrops
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3.6.2 Conceptual models of porosity and hydraulic conductivity
The measured fracture spacing was used in two conceptual models, to indicate both the
expected porosity and hydraulic conductivity of the fracture network. The conceptual model of
storage space based on fracture spacing (Nelson, 2019) can be directly compared to the
calculated storage space that was based on fracture length. The Tahmoor Colliery, located
approximately 10km north of the study site, has previously completed studies on the hydraulic
conductivity (Gale et al., 2013). These data can be compared with the results of the conceptual
model (Cook, 2003) of hydraulic conductivity in this study to assess their accuracy and provide
verification of the results.
For each of the rock outcrops in this study, equation 3 was used to develop the conceptual
model of the fracture porosity that would be compared to the calculated values (Nelson, 2019),
where 𝑒 is the assumed fracture aperture width (metres) and 𝐷 is the fracture spacing (metres)
(Fig. 28).
𝛷𝑓 % = (𝑒/𝐷 + 𝑒) ∗ 100

(3)

The conceptual model for the hydraulic conductivity within the rock outcrops is outlined in
equation 4 (Cook, 2003). The elements used within equation 4, as well as the constant values,
are:
•

𝑒 is the aperture (m)

•

D is the fracture spacing (m)

•

𝜌 is the density of water (998.23 kg/m3)

•

𝑔 is the acceleration due to gravity (9.806 m/s2)

•

𝜇 is the viscosity of water (0.0010016 kg/m.s)

This equation results in m/s so must be multiplied by 86400 to get the answer in terms of m/day.
𝐾𝑓 =

(2𝑒)3
2𝐷

𝜌𝑔

∗ 12𝜇

(4)

This model was based on a conceptual model where fractures are parallel to one another, evenly
spaced, and have identical properties within a body of rock. In nature, this is virtually
impossible, however, all numerical models require simplifying an aspect of the real world. This
conceptual model provides one way to test the influence of fracture spacing and aperture width.
Calculations made using this conceptual model used the average fracture spacing determined
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from each site. However, the fractures were by no means identical and evenly spaced in the
field, as is shown in the various cross-sections presented in Appendices C, D and E.
Figure 28 provides a visual representation of the different elements in these equations. It was
impossible to determine the aperture of each fracture within the rock cuttings examined as part
of this study, however, a previous study by Dale (2015) indicated that the average aperture in
Hawkesbury Sandstone fractures was approximately 0.5mm, while the minimum observed was
0.3mm. Tahmoor South’s Environmental Impact Statement (EIS) (Gale et al., 2013) also found
an approximate average aperture of 0.1mm at a depth of 0-100m within the Hawkesbury
Sandstone. For this study, three apertures (0.1mm, 0.3mm and 0.5mm) were used in the
calculations for the calculated porosity and the conceptual models to test how different aperture
widths can influence groundwater flow throughout fractures in the Hawkesbury Sandstone.

𝐷
𝑙𝑓
𝑒

𝐷+𝑒
Figure 28: A visual representation of what the aperture and the distance between fractures represents. In the
case of this study, the aperture (e) is assumed to be 0.5mm (0.0005m) while the distance between fractures
varies throughout. This image has been redrafted from Nelson’s (2019) book, Static Conceptual Fracture
Modelling.

3.7 Depth to Detachment
The sandstone layers throughout the Southern Coalfields appear to be folded on a regional
basis, and based on their mechanical properties, it is hypothesised that the folding may have
been accommodated by slip along a weaker and more ductile layer at depth. Within the
MOVE™ software, a tool named “2D area-depth" predicts the depth to detachment. It was used
to perform the calculation to test if a reasonable depth the detachment value could be calculated
within three locations in the study site. These locations were Fire Trail and the two Hume
Highway cuttings seen in Figure 2. These sites were chosen because both limbs of the folds
could be seen. This calculation was completed using the mapped geometry of the base of the
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Wianamatta Group, and a regional line to determine the detachment depth. The regional line is
a line within the model that represents the regional level for the fold, as seen in Figure 29.
Base of Wianamatta
Group

Visible rock
outcrop

Regional Line
Figure 29: A demonstration of the different components of the depth to detachment calculation, where the top
horizon was identified as the base of the Wianamatta Group (blue line) and the regional line was the regional level
for the fold (red)

Using the DEM within the regional geological model, the base of the Wianamatta group and
the regional line were drawn onto the 3D model at two locations on the Hume Highway (Figure
2) to estimate the fold geometry. This was a rough estimate due to the much lower resolution
of the DEM than the photogrammetry model of Fire Trail, however, it provided validation of
the results for depth to detachment seen in the Fire Trail model. Based on these estimated lines,
an estimate for the detachment depth was also calculated on both Hume Highway rock cuttings.
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4 Results
4.1 Photogrammetry Models
Three photogrammetry models were produced for this project. The three models show the 3D
geometry of both sides of one rail cutting (Coal Trail 1 and 2 (Figs. 30 and 31)), and the single
side of another rail cutting (Fire Trail (Fig. 33)). Each model was subdivided into ‘chunks’ to
ensure the large file size for the entire site could be imported and examined using MOVE.
Appendix F outlines the number of chunks in each model, the number of tie points, dense cloud
points and the number of faces and vertices in each mesh. A mesh was created for the entirety
of the Coal Trail site using drone imagery (Fig. 32). This photogrammetry model was also
imported into MOVE™ as a point of reference for Coal Trail 1 and 2. Each of the rock outcrops
had some sections containing holes within the data, due to the vegetation being thick where the
photos were taken.
Some sections of the Wianamatta Group and the rail line were not shown in the final models
as these were masked, they introduced processing issues or because an image could not be
captured due to limited accessibility. However, this is not seen as a major issue since the project
focuses on delineating fractures and bed thicknesses in the Hawkesbury Sandstone and the
Mittagong Formation, which were captured in the Coal Trail 1 and 2 and Fire Trail models.

Figure 30: The photogrammetry model of Coal Trail 1 developed through Agisoft Metashape, that was imported
into MOVE for further annotation. The length of this model was 208 metres and the height of the outcrop was a
maximum of 7.5 metres.
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Figure 31: The photogrammetry model of Coal Trail 2 developed through Agisoft Metashape, that was imported
into MOVE for further annotation. Gaps in this model were due to accessibility issues for the images and
processing issues within the program. The length of this model was 166 metres and the height of the outcrop
was a maximum of 6 metres

Figure 32: Photogrammetry model of Coal Trail as a whole, developed with the use of drone imagery to further
validate the geospatial referencing of Coal Trail 1 and 2

Figure 33: The photogrammetry model of Fire Trail developed through Agisoft Metashape, that was imported
into MOVE for further annotation. The length of this model was 259 metres, and the height of the outcrop was a
maximum of 9 metres.
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4.2 3D Modelling in IPM-MOVE™
The three photogrammetry models were imported into MOVE™ and greatly assisted in the
development of the overall results for this study. A visual representation of the data was
developed as cross-sections from Coal Trail 1 and 2, and Fire Trail within the MOVE™
software (Appendices C, D and E). Using these cross-sections within the modelling software,
several measurements were taken that were utilized to determine groundwater storage space
within the fractures, as well as the hydraulic conductivity of fractures throughout each site.
The colour coding used for the annotated cross-sections remained consistent across all three
sites. Three stratigraphic layers were visible throughout each outcrop, with the Hawkesbury
Sandstone identified by yellow, the Mittagong Formation by teal and the Wianamatta Group
by mint green. Although the Wianamatta Group was included in the cross-sections, it was only
used as a reference to show the position of these strata in relation to the Hawkesbury Sandstone
and the Mittagong Formation. Due to the fact that the photogrammetry models also had many
holes within the Wianamatta Group, the width of these layers are a best estimate for the
thickness and position of the Wianamatta Group in each outcrop. The polylines shown in each
model represent the fractures, bedding, sedimentary structures, and half-barrels and are red,
blue, pink, and grey respectively (Fig. 34, Appendix B).

Figure 34: The annotation key for the cross sections developed in MOVE™

55

4.2.1 MOVE™ Cross Sections
Once the geological interpretation of each of the rock cuttings was completed, measurements
were taken regarding fracture length, fracture spacing and bedding thicknesses. The Mittagong
Formation contains many small fractures that could not be completely measured, as there are
too many to map at the scale of the field site. As a result, only the fractures that were visible
and greater than 30 centimetres in length were measured in the Mittagong Formation. The
measurements for the Mittagong Formation can be seen in Appendix G, but for the reason that
it is not the primary lithological unit under investigation and that it is not an aquifer, no formal
results were developed regarding fracture spacing bed bound to this unit.
Each cross-section was compartmentalised into multiple subsections, to gain a better
understanding of the fracture networks throughout. Coal Trail 1 was separated into 10
subsections. The sections were named North 1, 2 and 3, Centre 1, 2, 3 and 4, and South 1, 2,
and 3, from north to south respectively. These subsections are 20 metres long, except for
subsection “North 1”, which is 28 metres long. The full cross-section of Coal Trail 1 on the
west side of the rock corridor can be seen in Figure 35, as viewed from the east. Appendix C
provides higher resolution images of the whole cross-section with both no vertical exaggeration
and 3-times vertical exaggeration, as well as individual subsections for reference.
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South 3

South 2

South 1

Centre 4

Centre 3

Centre 2

Centre 1

North 3

North 2

North 1

40m
Figure 35: The full length of the cross section developed of Coal Trail 1, demonstrating the 10 subsections
identified. This cross section is orientated as observed in the field, looking from east to west. A closer and more
thorough image of each subsection can be seen in Appendix C, as well as the whole cross section with x3
vertical exaggeration

Coal Trail 2 was separated into 8 subsections, as it was slightly shorter than Coal Trail 1 due
to issues with accessibility from vegetation on the western side of the train corridor. The
sections were named North 1 and 2, Centre 1, 2, 3, and 4, and South 1 and 2, from north to
south respectively. Each subsection in Coal Trail 2 is approximately 20 metres long, except for
South 2, which is 14 metres long. The full cross-section of Coal Trail 2 on the east side of the
rock corridor is shown in Figure 36. It displays the cross-section as viewed from the west side
of the rock corridor and provides context to where each of the subsections is in respect to the
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entire cross-section. Two segments of Coal Trail 2 were excluded from the data set due to holes
in the photogrammetry model, which have both been marked with an ‘X’. Appendix D provides
higher resolution images of the whole cross-section with both no vertical exaggeration and 3times vertical exaggeration, as well as individual subsections for reference.
170 ̊

North 1

North 2

Centre 1

Centre 2

Centre 3

Centre 4

South 1

South 2

30m
Figure 36: The full length of the cross section developed of Coal Trail 2, demonstrating the 8 subsections
identified. This cross section is orientated as observed in the field, looking from west to east. The X’s on the
figure demonstrate areas that were not included in the statistical data due to errors in the model. A closer and
more thorough image of each subsection can be seen in Appendix D as well as the whole cross section with x3
vertical exaggeration

Fire Trail was the third cross-section to be developed and was segmented into 13 subsections.
The subsections of Fire Trail were named North 1, 2, 3, 4, 5, Centre 1, 2, 3, 4, and South 1, 2,
3, and 4. It was orientated north-west to south-east and was the largest of all the cross-sections
as the accessibility allowed for the entire rock cutting to be captured. Figure 37 demonstrates
the cross-section of Fire Trail with subsections identified. Appendix E provides higher
resolution images of the whole cross-section with both no vertical exaggeration and 3-times
vertical exaggeration, as well as individual subsections for reference.
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Figure 37: The full length of the cross-section developed of Fire Trail, demonstrating the position of each of the
13 subsections throughout the outcrop. A closer and more thorough image of each subsection can be seen in
Appendix E, as well as the whole cross section with x3 vertical exaggeration

Appendices C, D and E provide higher resolution images of each developed cross-section to
visually convey the length, spacing and number of fractures present, as well as the other
annotated features. These include aspects such as the number of fractures in each subsection,
the length of fractures, the spacing between fractures with a key focus on the Hawkesbury
Sandstone, the orientation of fractures, and the fracture characteristics, such as whether they
terminate against bedding or one another. An example of a subsection from Coal Trail 1 is
provided in Figure 38.
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SW4

Figure 38: An example of the subsection South 1 from Coal Trail 1, displaying two fractures that go the entire
way through the outcrop

4.2.2 Groundwater storage and fluid flow within fracture networks
The extraction of measurements made on fractures throughout each site provided the
information required to determine the calculated porosity, or storage space, within each site
(Table 4). They also allowed for calculations to determine the expected values for porosity and
hydraulic conductivity from Cook’s (2003) and Nelson’s (2019) conceptual models. Appendix
G provides further measurements from individual subsections of each outcrop as well as
measurements from the Mittagong Formation. These include a) the number of fractures per
subsection, b) the minimum, maximum and average length of the fractures in each subsection,
c) the average spacing between fractures throughout each subsection and rock cutting, d) the
total length of the fractures throughout the stratigraphic layers in each rock cutting, e) the
characteristics of the fractures throughout each rock corridor, and f) the area of each of the
stratigraphic layers.
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Table 4: The average measurement results from each of the three individual outcrops, as well as the area of the
Hawkesbury Sandstone in each

Coal Trail 1

Coal Trail 2

Fire Trail

Number of fractures

29

21

129

Average length of
fractures
Total length of
fractures
Average fracture
spacing
Area of Hawkesbury
Sandstone

2.64m

3.23m

1.53m

70.12m

63.22m

200.58m

6.99m

4.40m

2.25m

588m2

252m2

915m2

Figure 39 displays the number of fractures found in each of the subsections in Coal Trail 1,
Coal Trail 2, and Fire Trail. Because Fire Trail was composed of 13 sections, whereas Coal
Trail 1 and 2 were composed of 10 and 8 subsections respectively, the x-axis within the
following graphs represents the subsections within each model, with “1” representing the most
northern subsection.
Number of fractures within each subsection of the selected outcrops
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Coal Trail 1

Coal trail 2

Figure 39: A graphical representation of the number of fractures within each subsection throughout the three
individual studied outcrops
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Coal Trail 1 was interpreted and is represented in red in Figure 39, showing 29 fractures
throughout the entire outcrop in the Hawkesbury Sandstone. Within Coal Trail 1, there was a
maximum of 5 fractures within each 20-metre subsection throughout the outcrop. The number
of fractures in each subsection is relatively consistent, ranging from 3 to 5 fractures, with two
exceptions that either didn’t have any Hawkesbury Sandstone present or had a minimal
thickness to interpret (Appendix C-3 and C-8).
Similarly, Coal Trail 2 was modelled to interpret the number of fractures and is represented by
orange in Figure 39. It was expected that fractures would marry up with those in Coal Trail 1,
as each rock outcrop was only approximately 9 metres across from one another. Coal Trail 2
was found to contain 21 fractures throughout the Hawkesbury Sandstone and was 166 metres
in length. This was 42 metres shorted than Coal Trail 1 due to a combination of inaccessibility
from vegetation and photogrammetry software issues.
In Figure 39 Coal Trail 2 is represented in orange, with North 1 being 1 and South 2 being 8
on the x-axis (Appendix D-3 and D-10). Like Coal Trail 1, no fractures were present in North
1 or North 2 (Appendix D-3 and D-4), as no Hawkesbury Sandstone was present in these
subsections due to the folding of the outcrop. Coal Trail 2 was more irregular than Coal Trail
1 in the number of fractures pers 20-metre subsection, ranging from 1 to 7. This suggests that
the correlation between Coal Trail 1 and 2 is not high, with the number of fractures varying
throughout. Between Coal Trail 1 and 2, no noticeable fractures were crossing through the train
corridor to the other rock outcrop.
Fire Trail is approximate 4 kilometres south of Coal Trail and is orientated in a north-east to
south-west direction. Unlike Coal Trail, Fire Trail consists of predominantly sheet facies
throughout the Hawkesbury Sandstone. Fire Trail is asymmetrically folded, with an open
interlimb angle (Fossen 2016). Fire Trail had many more fractures than Coal Trail 1 and 2. It
had the largest area, with 13 subsections that measured 260 metres in total, with 129 fractures
counted throughout the Hawkesbury Sandstone. This outcrop typically had a much higher
frequency of fractures throughout each subsection, ranging from 4 to 15 fractures (Fig. 39).
Along with the number of fractures found within each outcrop, another key factor worth
interpreting and comparing between the sites was the fracture spacing. Figure 40 shows the
average fracture spacing of each subsection of the three photogrammetry models. Again, the
x-axis represents the subsections within each model, with “1” representing the most northerly
subsection. Where no value has been recorded, it means that the subsection contained 1 or
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fewer fractures. Due to folding, the northern subsections of both Coal Trail models typically
had very little, to no Hawkesbury Sandstone present, hence the reason there are no values
recorded for Coal Trail 1 and 2 in subsection 1 (the northernmost subsection).

Average fracture spacing per subsection (m)

Fracture spacing in the Hawkesbury Sandstone within the
3 selected rock outcrops
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Figure 40: A graphical representation of the average fracture spacing throughout each subsection in
each individual studied outcrop

Coal Trail 1 had the most variety in fracture spacing throughout the entire outcrop (Fig. 40),
with a spacing of approximately 2 metres in North 2 (Appendix C-4)), and 12 metres in North
3 (Appendix C-5). Toward the southern end of the rock outcrop, the spacing became slightly
more consistent, yet still has strong variations throughout the subsections. Coal Trail 2 had a
limited number of subsections that contained 2 or more fractures due to much more of the
Mittagong Formation being present throughout. However, these remained relatively consistent,
ranging from approximately 0.3 to 1.5 metres, with one outlier in subsection centre 4
(Appendix D-8), which had fracture spacing of approximately 6.0 metres. The most consistent
outcrop for fracture spacing within each subsection was Fire Trail. This outcrop resulted in
fracture spacing ranging from approximate 0.3 to 2.4 metres throughout the subsections, with
an overall average of 2.25 metres. This is comparable to Coal Trail 1 and 2, which had averages
of 6.99 metres and 4.40 metres respectively. Figure 41 displays the overall number of fractures
and their spacing within each rock outcrop.
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with the overall fracture spacing within each outcrop

Figure 41: The overall number of fractures within each outcrop, as well as the mean fracture spacing
throughout each

The measured sections of rock cutting varied through this investigation, due to accessibility
and time constraints. Fire Trail was measured as a much larger area within the MOVE™
program, with the Hawkesbury Sandstone measuring at 915m2. The Hawkesbury Sandstone
measured in Coal Trail 1 was 588m2 and Coal Trail 2 was 252m2. The area of the Mittagong
Formation in Fire Trail, Coal Trail 1, and Coal Trail 2 was 440m2, 269m2 and 252m2
respectively. Due to the excessive fractures noted in the Mittagong Formation, only the
fractures greater than 30cm were included in the measurements. The total number of fractures
greater than 30cm counted in the Mittagong Formation in Fire Trail, Coal Trail 1, and Coal
Trail 2 were 93, 76, and 61 respectively.
From the ten subsections in Coal Trail 1, only 3 fractures were found to go through the entire
visible rock cutting (Fig. 38, Appendices C-10, and C-13). Many of the fractures were visibly
bed-bound, whilst others did appear to fracture through multiple bedding units. From the eight
subsections in Coal Trail 2, no fractures were found to go through the whole visible rock
cutting, but the same trends applied to fracture characteristics. It was determined that from the
thirteen subsections of Fire Trail, 5 fractures were noted to go through the entire rock cutting
(Appendices E-6. E-7, E-8, and E-14), with others being bed bound or cutting through multiple
bedding layers.
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4.2.3 Fracture Porosity and Permeability
Table 5 outlines the results for the calculated fracture porosity in the Hawkesbury Sandstone
in each rock cutting, based on fracture length. These results were based on equations 1 and 2.
Table 5: The results of the observed fracture porosity throughout the Hawkesbury Sandstone in each rock outcrop,
using the assumption of three different apertures
Average Porosity (%)

Average Porosity (%)

Average Porosity (%)

(𝒆 = 𝟎. 𝟏𝒎𝒎)

(𝒆 = 𝟎. 𝟑𝒎𝒎)

(𝒆 = 𝟎. 𝟓𝒎𝒎)

0.0011

0.0035

0.0060

0.0025

0.0075

0.0113

0.0022

0.0066

0.0109

Coal Trail 1
Hawkesbury
Coal Trail 2
Hawkesbury
Fire Trail 1
Hawkesbury

Table 6 demonstrates the expected values for the conceptual model as outlined by Nelson’s
(2019) porosity equation and Cook’s (2003) hydraulic conductivity equation (Equation 3 and
4). Each of the values in Table 6 is based on the average spacing throughout the entire outcrops,
while the average spacing of the individual 20-metres subsections can be seen in Appendix G.
The porosity and hydraulic conductivity of the spacing within each subsection is also outlined
in Figures 43 and 44 for comparison.
Table 6: The calculated porosity and hydraulic conductivity results found using Cook (2003) and Nelson's (2019)
conceptual models. These were calculated using the assumption of three different apertures.

Coal Trail 1

Mean Porosity

Mean Porosity

Mean Porosity

Mean Hydraulic

Mean Hydraulic

Mean Hydraulic

(%)

(%)

(%)

Conductivity

Conductivity

Conductivity

(𝒆 = 𝟎. 𝟏𝒎𝒎)

(𝒆 = 𝟎. 𝟑𝒎𝒎)

(𝒆 = 𝟎. 𝟓𝒎𝒎)

(m/day)

(m/day)

(m/day)

(𝒆 = 𝟎. 𝟏𝒎𝒎)

(𝒆 = 𝟎. 𝟑𝒎𝒎)

(𝒆 = 𝟎. 𝟓𝒎𝒎)

0.001

0.004

0.007

0.040

1.09

5.03

0.002

0.007

0.011

0.063

1.73

8.00

0.004

0.013

0.022

0.125

3.38

15.64

Hawkesbury
Coal Trail 2
Hawkesbury
Fire Trail 1
Hawkesbury
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Figure 42 demonstrates the storage space (porosity) calculated based on fracture length and
aperture within this investigation, as well as the storage space as expected through the
conceptual model by Nelson (2019). These data are derived from Tables 5 and 6.

Figure 42: A comparison of the observed porosity versus the expected porosity seen using Nelson’s
(2019) conceptual model.

Figure 43 demonstrates the expected porosity via Nelson’s (2019) conceptual model of each
subsection throughout the three selected outcrops. Each aperture used for the investigation is
presented in different colours with expected fracture porosity ranging from 0.01% to 0.1%
throughout all three aperture widths.
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Figure 43: Based on mean fracture spacing, this graph indicates the expected porosity for each subsection
throughout all three studies rock outcrops using Nelson's (2019) conceptual model for porosity. Three different
apertures were used for comparison.

Figure 44 outlines the average hydraulic conductivity as estimated via Cook’s (2003)
conceptual model, of each subsection throughout the three selected outcrops. Again, each
aperture used for the investigation is presented in different colours with the range of hydraulic
conductivity varying. They range from:
•

0.02 to 0.6m/day for aperture 0.1mm

•

0.6 to 16m/day for aperture 0.3mm

•

2.88 to 74m/day for aperture 0.5mm.
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Coal Trail 1

Coal Trail 2

Fire Trail

20 metre subsections in each of the three measured rock outcrops

Figure 44: Based on mean fracture spacing for each subsection, this graph indicates the expected porosity for
each subsection throughout all three studies rock outcrops using Cook’s (2003) conceptual model for
hydraulic permeability. Three different apertures were used for comparison.

4.3 Depth to the detachment
Through completing the depth to detachment calculation, the following results were acquired
on the Fire Trail model, as well as the two cuttings on the Hume Highway, as seen in Table 7.
Table 7: The results for the depth to detachment calculations used for each of the tested rock outcrops, where
Fire Trail was tested with the photogrammetry mesh, and the Hume Highways were based on the DEM

Depth to detachment
Fire Trail

299.5m

North Hume Highway

259.8m

South Hume Highway

418.3m
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5 Discussion
5.1 Method Processes
The photogrammetry modelling was a lengthy process, with many lessons acquired through
trial and error throughout the procedure. Each stage of processing took quite some time to
develop, with the photo-alignment, dense cloud construction, and mesh construction taking
several hours to process each time. Similar problems with processing times were also seen in
Bevan et al.’s (2014) study, even with an extra 32GB of RAM, suggesting that the software
program is quite reliant on computer hardware.
The use of photogrammetry built upon previous studies that have used drone imagery and
handheld cameras to develop photogrammetric models (Dueholm, 1992; Oka, 1998; Yakar,
2011). It proved to be a useful tool in developing several 3D models of rock cuttings. The
photogrammetry techniques provided a safe way to collect data at each of the studied outcrops.
Through delivering a photogrammetric model, an accurate quantitative analysis could be
performed using further 3D geological software, such as MOVE™ (Haneberg et al., 2006;
Oka, 1998; Yakar, 2011). The greatest benefit to using photogrammetry throughout this process
was the aspect of safety in the collection of data. Another key benefit to this methodology is
that large, high-resolution models were developed of each outcrop, in which the geology could
be interpreted at high resolution and the length and spacing of fractures and bed thickness could
be measured accurately.
While Metashape was used to build the photogrammetric models, MOVE™ was used to then
interpret the geology and make specific measurements relative to the study. Within MOVE™,
the main concerns in annotating and measuring the fractures were the potential for human error
throughout the process. The quantitative fracture measurements rely heavily on human
interpretation of fractures, and as such, provide a best estimate of fluid storage and flow through
the rock outcrop (Nelson, 2019).
The combination of the photogrammetric models and the DEM within MOVE™ enabled the
visual interpretation of folds throughout the study area. Coal Trail, Fire Trail and the two Hume
Highway rock outcrops indicated that numerous folds were prevalent throughout the area.
When comparing these to the Southern Coalfields Regional Geological Map (Moffit, 1999), it
is noted that although it is indicated that there are many monoclines throughout the region, the
folding seen within this study is not recorded. This may be due to the fact that the folding is a
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result of the more significant monoclinal structures, or that there are a substantial number of
these ‘minor’ structural elements that could not be seen due to the low resolution of the
Regional Geological Map (Moffit, 1998). Although these smaller folds are not indicated on the
Map (Moffit, 1999), many monoclines are shown within the region, inferring significant
folding throughout.
All the photos taken throughout this project that were used to produce the photogrammetry
models were taken with iPhones. This meant that for the majority of photos, the accuracy of
the data was heavily reliant on GPS data within the iPhone. One study that was undertaken
regarding the accuracy of iPhone GPS data tested the elevation, with a range of accuracies
among different iPhone models (Felix, 2013). The discrepancies in accuracy ranged from
1.57% for an iPhone 7 to 3.23% for an iPhone 6. Felix (2013) concluded that inaccuracies
within iPhone GPS coordinates can be affected by a few factors, including internet service and
the environment in which the photos are taken. As a result, it can be assumed that the photos
taken in this investigation have the potential for a certain level of inaccuracies, which may in
turn affect the interpretations made within the MOVE™ software to some degree.

5.2 Groundwater storage and fluid flow within fracture networks
Throughout this investigation and interpreting the three rock outcrops that were selected, both
the Mittagong Formation and Hawkesbury Sandstone were investigated. However, the
Hawkesbury Sandstone, being the primary aquifer in the Southern Coalfields, was the primary
lithological unit investigated in terms of storage space and fluid flow (Hydrosimulations, 2020;
Sardella, 2013; WaterNSW, 2016).
The cross-beds that were identified in massive and sheet facies in the Hawkesbury Sandstone
are noted in other studies of this formation. Jones and Rust (1983) and Conaghan and Jones
(1975) identified the cross-bedding in the Hawkesbury Sandstone to be apparent in two forms,
however, in these outcrops, the one that is seen most prominently is what they identified as
“planar-tabular cross strata”. Both rock outcrop sites have complementary tabular crossbedding evident (Appendices C, D and E), supporting the theory of a unidirectional
paleocurrent during deposition (Conaghan & Jones, 1975). Figure 45 demonstrates an example
of the comparison between massive and sheet facies in both this investigation and through a
previous study (Pells, 2002).
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a)

b)

c)

Figure 45: a) an example of massive facies in comparison to sheet facies with cross bedding in Hawkesbury
Sandstone (Pells 2002, p573); b) An example of massive facies with little cross bedding seen in Coal Trail 1;
and c) an example of sheet facies with evident cross bedding in Coal Trail 1, as indicated by the red lines.

Each of the individual rock cuttings appears to have been involved in some level of folding
over time, with Coal Trail 1 and 2 being the northern limb of a possible subtle anticline, while
Fire Trail is a visible anticline that has experienced high deformation (Appendix E-1). These
features are common throughout the area, as they are in relative proximity to other more
prominent structural features, such as the Nepean Monocline and Camden Syncline (Fig. 7
(Bray et al., 2010)). Much of the folding throughout the region is thought to be a result of thickskinned deformation from faulting and folding of the basement Lachlan Fold Belt that was
reactivated in the Late Neogene (Danis et al., 2011; Fergusson1998; Fergusson, 2006;
Fergusson et al., 2011).

69

Coal Trail 2 maps a 166 m long train line cutting that is directly opposite the longer Coal Trail
1. It was hypothesised that some of the larger fractures would be seen on both sides of the rock
corridor, due to the nature of the expansive fracture sets throughout the Hawkesbury Sandstone
(Memarian & Fergusson, 2003; Peacock & Shepherd, 1997). This is not the case, however,
which gives further insight into the fracture characteristics, specifically their lack of lateral
continuity throughout the site.
The number of fractures, as well as the average fracture spacing throughout the different
outcrops, can be seen in Figure 41. It is hypothesised that the number of fractures and their
spacing correlates with the level of deformation within each outcrop, as well as their positions
within the fold. Fire Trail has the highest number of fractures and the smallest spacing, while
Coal Trail 1 and 2 have a much smaller number of fractures overall, with larger spacing
between. While Coal Trail has slight deformation in the form of folding, Fire Trail was visibly
much more deformed. These results prompted the idea to gain further calculations to determine
what may be causing this folding and coincidently, the fractures throughout the region, as
discussed in section 5.3.
One study that was conducted that is useful to validate the results of fracture spacing found in
this study is that of Tahmoor South Colliery (Gale et al., 2013). Tahmoor Colliery is located
approximately 8.8 kilometres NNE of Coal Trail and 11.2 kilometres NNE of Fire Trail. An
Environmental Impact Statement (EIS) was developed with all environmental properties
considered (AECOM, 2018). Appendix G of the Tahmoor EIS (Gale et al., 2013) noted that
the fracture spacing for the depth of 0-50 metres was 2.60, 2.80 and 4.80 metres for three
different sets of joints. At depth, the results from Gale et al. (2013) indicated that fracture
spacing decreased. It is difficult to determine if the fracture spacing within the three sites
studied here also decrease with depth, as the rock outcrops were only a maximum of
approximately 9 metres in depth. The fracture spacing noted in the EIS correlated to two of the
sites investigated in this study, being Coal Trail 2, at 4.40 metres, and Fire Trail, which showed
spacing of 2.25 metres.

5.3 Depth to Detachment
During this investigation and through finding the results of the fracture measurements within
each outcrop, it was observed that Fire Trail, having more fractures that were spaced closer to
one another, was also quite deformed. Although Coal Trail also showed some deformation, it
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was not to the same extent that Fire Trail was, as the fold was much more open, with a wider
inter-limb angle (Fossen, 2016).
A key indicator in whether detachment folding is a plausible explanation for the deformation
found throughout the study area was the presence of mechanical stratigraphy (Cosgrove, 2015;
Erickson, 1996). Figure 46 demonstrates clear mechanical stratigraphy throughout Fire Trail,
with clear bed-bound fractures being present within the Mittagong Formation, as well as
fractures that penetrate throughout the entire rock cutting. The mechanical characteristics
throughout different layers within the outcrop indicate the presence of mechanical stratigraphy.
These include excessive numbers of small fractures throughout the Mittagong Formation, and
much more prominent and substantial fractures found throughout the more coarse, brittle
Hawkesbury Sandstone (Herbert, 1980).

Conjugate
Fractures

Fractures
Mittagong Formation

Hawkesbury Sandstone

Bedding layers

Figure 46: An example of the mechanical stratigraphy found throughout Fire Trail 1, with many fractures bed
bound in the Mittagong formation, and fractures more spread in the Hawkesbury Sandstone due to their
differences in mechanical properties

In investigating the possibility of detachment folding throughout the study site, the calculation
for depth to detachment was used within the MOVE™ software. This calculation was done
through the 2D module ‘2D Area-Depth’, and used the length of the top horizon, being the top
of the Mittagong Formation, and the regional line to determine the displacement. This was
completed first with Fire Trail, which provided a true representation of the depth to detachment
using the generated model, and then again with two outcrops on the Hume Highway. The
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measurements from the Hume Highway were not as accurate, as they were based on the DEM
that was created, rather than true photogrammetric models. They do give an indication,
however, that the measurements calculated from Fire Trail were a good representation of the
depth to detachment throughout the area.
The depth to detachment calculation resulted in an average of 325 metres between Fire Trail
and the two Hume Highway cuttings close by. The different values between each site ranged
from 259 to 418 metres below the surface (Table 6). These measurements for depth to
detachment were compared with the nearest core sample, which was DM Wollongong DDH
80 (Fig. 25). This coal exploration core indicated that at 336 metres, the top of the Bulli Seam
was discovered. Based on Erickson’s (1996) study, and the depth to detachment approximated
within this study, it is possible that the Bulli Coal Seam could be acting similarly to a salt
décollement, with deformation being accommodated by slip along the coal seams. Further work
would need to be conducted to assess this, including fieldwork to determine if there is evidence
of deformation above coal seams.

5.4 Porosity and Hydraulic Conductivity
The results that were established from both the fracture statistics and the depth to detachment
were used to determine the potential for fluid storage (porosity) within the fractures, as well as
the fluid flow (hydraulic conductivity) within the fractures. The key indicators that were used
within the calculations for the porosity and hydraulic conductivity were fracture length, fracture
spacing and aperture width. Both the fracture length and the fracture spacing through each
outcrop were measured using the MOVE™ software, however, the three different apertures of
0.1mm, 0.3mm and 0.5mm were selected based on previous studies completed within the
Hawkesbury Sandstone (Dale, 2015; Gale et al., 2013).
Porosity
Two methods were used to determine the porosity, with one showing the calculated porosity
and the other indicating the expected porosity with Nelson’s (2019) conceptual model. Figure
42 shows the comparison between each model, as well as the three apertures that were chosen
throughout. Overall, the conceptual model by Nelson (2019) indicates a slightly larger porosity
than what was observed for each outcrop, with Coal Trail 2 being relatively similar overall.
The porosity for aperture 0.1mm is much smaller in both models than the larger aperture of
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0.3mm and 0.5mm, however, this was expected, as with a larger fracture area, more storage is
possible.
The variation within these two models can be explained through a few factors. The observed
model is based on the area of fractures in comparison to the area of the rock mass. This means
that the measured length of the fractures is imperative to the results. Based on the fact that
within this investigation, the 3D models were interpreted based on the visible fractures within
the rock cutting, this does not mean that the total length of the fractures was included. For
example, Figure 47 (a) outlines the observed fractures within the rock cutting, while (b)
indicates the possible nature of the fracture within the rock outcrop. This means the measured
fracture may not be entirely accurate but gives a good representation of what was observed.
a)

b)

Observed fracture

Bedding
Expected fracture

Figure 47: a) The observed fracture within Coal Trail 1 in the Hawkesbury Sandstone, as measured based on
what was physically seen in the outcrop, and b) the potential fracture in its entirety where the purple may be not
visible on the surface of the outcrop.

On the other hand, Nelson’s (2019) conceptual model used fracture spacing and aperture as
key indicators of porosity. The fracture spacing interpreted within the 3D models and used for
the calculation of porosity were based on the average spacing of fractures within the outcrop
and subsections. If fracture spacing between each individual fracture was measured, each
fracture would have individual storage space results (Cook, 2003; Nelson, 2019). However, for
this investigation and to grasp a suitable representation of the entire outcrop, the overage
average spacing was appropriate.
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Figure 43 represents the findings of the conceptual model of average porosity per 20 metre
subsection, throughout all three measured outcrops. This graph indicates again, how the change
in aperture can affect the amount of storage within the fractures, with a smaller aperture
producing less fluid storage space. On average, with an aperture of 0.1mm, the porosity of
fractures was 0.006%, while 0.3mm and 0.5mm were 0.018% and 0.031% respectively.
Both the observed porosity and Nelson’s (2019) conceptual model indicate that the average
porosity of fractures within this study site is minimal, especially in comparison to the porosity
of the Hawkesbury Sandstone as a whole. Pells (2004) indicated that the average porosity of
the Hawkesbury Sandstone is 16.1%, with a standard deviation of 3.5%. Liu et al. (1996) also
noted the Hawkesbury Sandstone has a porosity of 5-20% with an average of 14.8-15%.
According to Smith et al. (2009), these aforementioned values equate to relatively high
porosity. Based on the porosity values found in this study, the fractures throughout do not
highly influence the amount of fluid being stored throughout the rock. A larger aperture, on the
other hand, would play a much more significant role in the amount of fluid storage and flow
within the Hawkesbury Sandstone, which is typically seen more toward the surface than at
depth (Dale, 2015).
Hydraulic Conductivity
Along with porosity, hydraulic conductivity was calculated in each of the rock outcrops and
compared to the values reported for the Tahmoor Colliery for validation (Gale et al., 2013).
Gale et al. (2013) completed their investigation on hydraulic conductivity within fracture
networks through a Lugeon Packer Test. The conceptual model for hydraulic conductivity
within this study site was based on an equation by Cook (2003). Figure 44 represents the
average hydraulic conductivity for each 20-metre subsection throughout the three measured
outcrops, again with three varying apertures. The variation for hydraulic conductivity with the
use of 0.1mm, 0.3mm and 0.5mm apertures was much higher than with porosity. An aperture
of 0.1mm saw the average hydraulic conductivity of fractures being 0.192 metres per day, whist
apertures of 0.3mm and 0.5mm were 4.78 and 22.1 metres per day respectively.
When using the aperture of 0.1mm, Tahmoor Colliery is directly comparable, as they too noted
an average aperture of approximately 0.1mm at a depth of 50 metres (Gale et al., 2013). On
the other hand, an aperture of 0.3mm and 0.5mm provide a good understanding of how aperture
can affect the amount of fluid flow through fractures. Typically, more recently developed
fractures appear to have a larger aperture, particularly closer to the surface, and thus these
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fractures would have a much higher hydraulic conductivity than older, deeper fractures (Dale,
2015). Along with aperture, fracture spacing has a direct link to the amount of fluid flow
through fractures (Cook, 2003). It was observed that the closer the fracture spacing, the higher
the hydraulic conductivity. For example, with an aperture of 0.1mm, the average fracture
spacing in Fire Trail was 2.25 metres, with a mean hydraulic conductivity of 0.125m/day.
Whereas, Coal Trail 1 had an average spacing of 6.99m with a mean hydraulic conductivity of
0.040m/day. With a smaller aperture, the variation is much more limited, however, with an
aperture of 0.5mm, the average hydraulic conductivity for Fire Trail and Coal Trail 1 with the
same fracture spacing had a much higher variation, being 15.64m/day and 5.03m/day
respectively. Figure 48 indicates the expected hydraulic conductivity with the direct
relationship between fracture spacing and fracture aperture (Cook, 2003).

Figure 48: The direct relationship between fracture spacing and fracture aperture when calculating hydraulic
conductivity, expressed in m/s (Cook, 2003, p.6)

Within Tahmoor Colliery’s EIS (Gale et al., 2013) the hydraulic conductivity was measured
for each rock layer through the use of a Lugeon Packer Test. The packer test was inclusive of
the fractures throughout, whereas the core permeability results were indicative of the total rock
mass. They found that the Hawkesbury Sandstone had a minimum hydraulic conductivity of
8.6 x 10-7 m/day, a maximum of 0.45m/day and an average of 0.041m/day.
In comparison to the results found in this investigation, the results from Tahmoor Colliery
(Gale et al., 2013) can be seen in Figure 49. The aperture used within this investigation which
was comparable to the EIS was a flat 0.1mm, however, the aperture used for the EIS varied for
each individual fracture. In comparing the hydraulic conductivity between the two studies,
several elements may predict the varying results. Coal Trail 1 reveals very similar results to the
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EIS regarding hydraulic conductivity, however, the spacing of Coal Trail 1 was much larger
than that noted within the EIS (Gale et al., 2013). The hydraulic conductivity values reported
in the EIS are much like the fracture spacing found at the Fire Trail site. The variation in
aperture may be a result of this, or the fact that within the packer tests, not all the fractures
within the stratigraphic unit were intersected with the test interval (Gale et al., 2013). Another
possible reason for the variation is that within this investigation, an outcrop of approximately
9-metre depth was measured, whereas the packer tests were done throughout each horizon from
the Hawkesbury Sandstone to the Wilton Formation, including the entire Hawkesbury
Sandstone layer in 100-metre depth intervals.

Hydraulic Conductivity of fractures within the
Hawkesbury Sandstone
Hydraulic Conductivity (m/day)

0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

Tahmoor

Coal Trail 1

Coal Trail 2

Fire Trail

Figure 49: A graphical representation of the comparison between Tahmoor Colliery's EIS (Gale et al. 2013)
using the Lugeon Packer Test and the studies outcrops within this investigation

This investigation has shown that the hydraulic conductivity within fractures is larger than the
recorded values of the Hawkesbury Sandstone as a rock mass. This is indicated by the
calculated values of each, being 0.04-15.64m/day in the fractures (dependent on aperture size)
and approximately 10-3-8.6m/day in the Hawkesbury Sandstone (Gale et al., 2013). This
indicates that fractures are a key host to fluid flow through the Hawkesbury Sandstone.
Tahmoor Colliery’s EIS (Gale et al., 2013) suggested that there is no discernible relationship
between the number of fractures and the hydraulic conductivity because such an assessment
would be difficult to determine due to the irregularity of the fractures. This was also stated
because pressure is a key indicator in the amount of fluid flow. The authors of the EIS indicated
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that fractures may be closed due to confining pressure, therefore preventing fluid flow through
them. As a result, Gale et al. (2013) indicated that confining pressure was a larger driving force
for hydraulic conductivity than the frequency of fractures (Gale et al., 2013).
Within this investigation, it is difficult to discern the level of influence that confining pressure
has on hydraulic conductivity, as only a small portion of the lithology is investigated. It can be
noted, however, that it appears, from the three sites studied, that fracture spacing and frequency
do impact the hydraulic conductivity through the fracture network. Hamm et al. (2007) also
state the close relationship between fracture aperture, spacing, length, orientation and
frequency, and the hydraulic conductivity through them.

5.5 Impacts of Groundwater Through Fractures
Based on the results found throughout this study regarding fracture spacing, porosity and
hydraulic conductivity, it can be determined how fracture networks impact the movement of
groundwater, as well as how this would affect recharge throughout the region. Fire Trail was
found to have a much larger fracture count, as well as closer fracture spacing than both Coal
Trail 1 and 2. As a result, it also had a higher porosity and hydraulic conductivity through
fractures based on the conceptual models from Cook (2003) and Nelson (2019). The higher
aperture also played a large part in the relative porosity and hydraulic conductivity throughout
fracture networks. These results combined, indicate that it is likely that these elements all play
a vital role in the movement of groundwater through the Hawkesbury Sandstone and its
associated fractures.
Within Coal Trail 1, it was found that only three fractures penetrated through the rock cutting
(Appendices C-10 and C-13), while Coal Trail 2 had zero. Fire Trail, on the other hand, had a
minimum of five fractures cutting throughout the entire rock outcrop (Appendices E-6. E-7, E8, and E-14). Fire Trail was much more deformed, as it revealed the hinge of a fold, and it was
also aligned with the Balmoral Monocline. Both factors may provide the reasoning behind the
multiple fractures that cut throughout the rock outcrop within Fire Trail. In interpreting the
percolation of water within these throughgoing fractures, it is expected that where there are
more throughgoing fractures, more water is likely to percolate through to the aquifer, as the
hydraulic conductivity is greater in the fractures than the rock mass (Cook, 2003; Hamm et al.,
2007). However, Fire Trail, being a fold, has the potential for water to runoff, rather than
percolate through the fractures, whereas Coal Trail is much more flat-lying, and thus could
have more percolation throughout the entire rock cutting.
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The Sydney Basin has many longwall coal mines throughout the region, where associated
mining-induced subsidence has the potential to open or close existing fractures networks, and
thus, influence the movement of groundwater throughout (Bai & Tu, 2019; Gale et al., 2013).
Not only could these longwall mines impact the pre-existing fractures throughout, but also have
the potential to induce further fractures because of mining (Palchik, 2003). This investigation
shows that fractures affect the movement of groundwater throughout the lithology, and thus
any change to these fractures or the addition of new fractures due to mining is likely to impact
groundwater movement even further.
Underground longwall mining affects the lithology above it, provoking subsidence and
impacting fracture networks through increasing or decreasing their aperture, as well as their
continuity throughout the rock (Adhikary & Guo, 2015; Pells & Pells, 2012). As a result, with
fractures opening or closing and changing in length, the water movement throughout would
change substantially. This can also be seen through this investigation, where modelling and
aperture change of 0.2mm has a dramatic effect on the amount of fluid flow throughout the
fractures (Fig. 44).

5.6 Limitations
During this investigation, there were some limitations that restricted the study of fracture
networks throughout the Southern Highlands. The most significant of these was the fieldwork
restrictions due to the ‘Stay at home orders’ because of the COVID-19 pandemic. Due to
movement restrictions at the time of this study, fieldwork was limited to before June, and so it
became increasingly difficult to collect additional photos of each site, as well as the initial plan
to characterise additional sites within the area. On the reconnaissance field trip, further sites
were noted for potential modelling, however, because field trips were ceased, this became
exceptionally difficult to accomplish and restricted the study to the images and rock outcrops
that had already been acquired.
Further to the limit of field trips, another key factor affecting the study was the amount of time
needed to process models through AgiSoft Metashape. Even with a successful procedure, the
processing time of Metashape models was substantial, each model typically taking more than
8 hours to process after making a small refinement, and this being repeated multiple times for
each model. Thus, if further models were to be created of additional sites, much more time
would be required to create and interpret these 3D models.
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6 Conclusions and Recommendations
6.1 Conclusions
This investigation aimed to gain a better understanding of the surface outcropping fracture
networks and how they contribute to fluid flow pathways. This was completed using two digital
modelling programs, which were used to assess the location, spacing and length of fractures in
the Hawkesbury Sandstone and Mittagong Formation. The fracture measurements were input
into two equations to determine additional information on fracture porosity and hydraulic
conductivity. These results were considered in relation to the implications for groundwater
flow and how groundwater systems might be impacted by nearby longwall mining. From these
aims and methodologies, the following conclusions were established:
o Key fracture observations, including the spacing between them, the mechanical
stratigraphy, and the depth to detachment calculations provide evidence that it is
possible that the Sydney Basin was deformed after lithification and this deformation
was likely facilitated by folding and detachment faulting at a depth of ~300 m (likely
within the Illawarra Coal Measures).
o The higher the frequency and smaller the spacing between fractures correlates with
higher porosity and higher hydraulic conductivity. Wider fracture spacing and rocks
with fewer fractures correlate with lower porosity and lower hydraulic conductivity
values.
o The aperture of fractures highly impacts the amount of fluid flow and storage within
them, as seen in Figures 43 and 44.
o Fractures are a key host to fluid storage and flow within the Hawkesbury Sandstone,
and thus the more groundwater movement through them, the higher the impact on the
groundwater movement through the stratigraphic layer as a whole.
o Longwall mining can cause movement on existing fractures due to subsidence, and
thus, have implications for the movement of groundwater throughout them. This could
have the potential to affect recharge within aquifers throughout the Sydney Basin.
This study provides detailed methodologies to further understand the outcropping fracture
networks within the Hawkesbury Sandstone and provides an alternate theory to the
development of regional folding of the Sydney Basin. It is hoped that this study can provide
future geologists with the tools to further investigate fracture networks throughout the Sydney
Basin and their implications to fluid flow.
79

6.2 Future Work
Further investigation into the theory of detachment faulting and folding would be an interesting
avenue to explore further. This study provided a very basic test to determine the depth to
detachment. This concept could be explored further by investigating additional sites and
calculating the depth to detachment on a more regional scale.
In terms of the outcropping fracture networks, it is recommended that further sites also be
investigated. This would ensure multiple data sets are being used to gather a more robust set of
measurements and interpretations, which would ultimately make the study more reliable,
precise, and accurate. Investigating more sites would also potentially expose more depth within
the lithology, providing even further information.
Within this study, the data were collected from the field using photogrammetry. However, to
gain further accuracy and precision, it is suggested that different modes of data collection be
used. These could include not only photogrammetry but also tools such as laser scanners and
LiDAR.
Finally, to further enhance future projects, it is suggested that gaining samples of the studied
rock outcrops could help to validate the data from Nelson (2019) and Cook’s (2003) conceptual
models of porosity and hydraulic conductivity, as well as fracture aperture. Performing
physical tests on these rocks would further enhance future work.
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Appendix A - Drill hole cores

Figure A-1: The stratigraphy of the drilled core holes within the study area, with locations of each
found in Figure A-2

A-1

A-2- Map showing core hole locations

Figure A-2: The locations of the cores used to help determine the stratigraphic layering of the study site (a) are shown in yellow which can be directly related back
to the core names in Figure A-1.

A-2

Appendix B – Cross Sections Annotation Key
2D Cross Sections developed with MOVE
Each of the following cross-sections in Appendices C, D and E were developed through the interpretation of the 3D models developed in MOVE.
The Annotation key outlines what each colour represents, as well as the symbols used to determine measurements between fractures. Each crosssection is represented as a whole and then split into subsections for closer analysis.

B-1

Appendix C - Coal Trail 1 Cross Sections
C1- Coal Trail 1 full cross-section

North 1

North 2

North 3

Centre 1

Centre 2

Centre 3

Centre 4

South 1

South 2

South 3

Figure C-1.1: The entire cross section of Coal Trail 1 as viewed from the east side of the train corridor, with a vertical exaggeration of x3.0. Each subsection is also labelled
for referral.

Figure C-1.2: The entire cross section of Coal Trail 1 as viewed from the east side of the train corridor, with a no vertical exaggeration.

C-1

C-2- Coal Trail 1 subsections

Figure C-2.1: The north subsections of Coal Trail 1 as viewed from the east side of the train corridor, with a with x3 vertical exaggeration. These are more closely looked at
with no vertical exaggeration in Appendices C-3, C-4, and C-5.

C-2

Figure C-2.2: The centre subsections of Coal Trail 1 as viewed from the east side of the train corridor, with a with x3 vertical exaggeration. These are more closely looked at
with no vertical exaggeration in Appendices C-6, C-7, C8, and C-9..

C-3

Figure C-2.3: The south subsections of Coal Trail 1 as viewed from the east side of the train corridor, with a with x3 vertical exaggeration. These are more closely looked at
with no vertical exaggeration in Appendices C-10, C-11 and C-12.

C-4

C-3- Coal Trail 1 North 1

Figure C-3: Subsection North 1 from Coal Trail 1 as viewed from the east side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

C-5

C-4- Coal Trail 1 North 2

Figure C-4: Subsection North 2 from Coal Trail 1 as viewed from the east side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

C-6

C-5- Coal Trail 1 North 3

Figure C-5: Subsection North 3 from Coal Trail 1 as viewed from the east side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

C-7

C-6- Coal Trail 1 Centre 1

Figure C-6: Subsection Centre 1 from Coal Trail 1 as viewed from the east side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

C-8

C-7- Coal Trail 1 Centre 2

Figure C-7: Subsection Centre 2 from Coal Trail 1 as viewed from the east side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

C-9

C-8- Coal Trail 1 Centre 3

Figure C-8: Subsection Centre 3 from Coal Trail 1 as viewed from the east side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

C-10

C-9- Coal Trail 1 Centre 4

Figure C-9: Subsection Centre 4 from Coal Trail 1 as viewed from the east side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

C-11

C-10- Coal Trail 1 South 1

C-12

C-11 Coal Trail 2 South 2

Figure C-10: Subsection South 1 from Coal Trail 1 as viewed from the east side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.
Figure C-11: Subsection South 2 from Coal Trail 1 as viewed from the east side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

C-13

C-12 Coal Trail 1 South 3

Figure C-13: Subsection South 3 from Coal Trail 1 as viewed from the east side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

C-14

Appendix D - Coal Trail 2 Cross Sections
D-1 Coal Trail 2 whole cross-sections

North 1

North 2

Centre 1

Centre 2

Centre 3

Centre 4

South 2

South 1

Figure D-1: The entire cross section of Coal Trail 2 as viewed from the west side of the train corridor, with a vertical exaggeration of x3.0. Each subsection is also labelled
for referral. The x’s refer to sections of the photogrammetry which were not measured due to holes in the data

Figure C-1.2: The entire cross section of Coal Trail 2 as viewed from the east side of the train corridor, with a no vertical exaggeration. The x’s refer to sections of the
photogrammetry which were not measured due to holes in the data

D-1

D-2- Coal Trail 2 Subsections

Figure D-2.1: The north subsections of Coal Trail 2 as viewed from the east side of the train corridor, with a with x3 vertical exaggeration. These are more closely looked at
D-2
with no vertical exaggeration in Appendices D-3 and D-4.

Figure C-2.2: The centre subsections of Coal Trail 2 as viewed from the east side of the train corridor, with a with x3 vertical exaggeration. These are more closely looked at
with no vertical exaggeration in Appendices D-5, D-6, D-7, and D8.

D-3

Figure C-2.3: The south subsections of Coal Trail 2 as viewed from the east side of the train corridor, with a with x3 vertical exaggeration. These are more closely looked at
Figure C-2.2: The centre subsections of Coal
with no
Trail
vertical
1 as viewed
exaggeration
from the
in east
Appendices
side of the
D-9train
and corridor,
D-10. with a with x3 vertical exaggeration.

D-4

D-3- Coal Trail 2 North 1

Figure D-3: Subsection North 1 from Coal Trail 2 as viewed from the west side of the train corridor.

D-5

D-4- Coal Trail 2 North 2

Figure D-4: Subsection North 2 from Coal Trail 2 as viewed from the west side of the train corridor.

D-6

D-5 Coal Trail 2 Centre 1

Figure D-5: Subsection Centre 1 from Coal Trail 2 as viewed from the west side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

D-7

D-6 Coal Trail 2 Centre 2

Figure D-6: Subsection Centre 2 from Coal Trail 2 as viewed from the west side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

D-8

D-7 Coal Trail 2 Centre 3

Figure D-7: Subsection Centre 3 from Coal Trail 2 as viewed from the west side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

D-9

D-8 Coal Trail 2 Centre 4

Figure D-8: Subsection Centre 4 from Coal Trail 2 as viewed from the west side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

D-10

D-9 Coal Trail 2 South 1

Figure D-8: Subsection South 1 from Coal Trail 2 as viewed from the west side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

D-11

D-10 Coal Trail 2 South 2

Figure D-9: Subsection South 2 from Coal Trail 2 as viewed from the west side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

D-12

Appendix E - Fire Trail Cross Sections
E-1 Fire Trail whole cross-section

Figure E-1.1: The entire cross section of Fire Trail as viewed from the north-west side of the train corridor, with a vertical exaggeration of x3.0. Each subsection is also
labelled for referral.

Figure E-1.2: The entire cross section of Fire Trail as viewed from the north-west side of the train corridor, with a no vertical exaggeration. Cross section horizon line and
regional lines have been extended to estimate the depth to detachment calculation.

E-1

E-2 Fire Trail subsections

Figure E-2.1: The north-east subsections of Fire Trail as viewed from the east side of the train corridor, with a with x3 vertical exaggeration. These are more closely looked
at with no vertical exaggeration in Appendices E-3, E-4, E-5, E-6, and E-7.

E-2

Figure E-2.2: The centre subsections of Fire Trail as viewed from the east side of the train corridor, with a with x3 vertical exaggeration. These are more closely looked at
with no vertical exaggeration in Appendices E-8, E9, E-10, and E-11.

E-3

Figure E-2.3: The south-west subsections of Fire Trail as viewed from the east side of the train corridor, with a with x3 vertical exaggeration. These are more closely looked
at with no vertical exaggeration in Appendices E-12, E-13, E-14, and E-15.

E-4

E-3 Fire Trail North-East 1

Figure E-3: Subsection North-East 1 from Fire Trail as viewed from the north-west side of the train corridor. Fracture
spacing within the Hawkesbury Sandstone is annotated throughout.

E-5

E-4 Fire Trail North-East 2

Figure E-4: Subsection North-East 2 from Fire Trail as viewed from the north-west side of the train corridor. Fracture
spacing within the Hawkesbury Sandstone is annotated throughout.

E-6

E-5 Fire Trail North-East 3

Figure E-5: Subsection North-East 3 from Fire Trail as viewed from the north-west side of the train corridor. Fracture
spacing within the Hawkesbury Sandstone is annotated throughout.

E-7

E-6 Fire Trail North-East 4

Figure E-6: Subsection North-East 4 from Fire Trail as viewed from the north-west side of the train corridor. Fracture
spacing within the Hawkesbury Sandstone is annotated throughout.

E-8

E-7 Fire Trail North-East 5

Figure E-7: Subsection North-East 5 from Fire Trail as viewed from the north-west side of the train corridor. Fracture
spacing within the Hawkesbury Sandstone is annotated throughout.

E-9

E-8 Fire Trail Centre 1

Figure E-8: Subsection Centre 1 from Fire Trail as viewed from the north-west side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.

E-10

E-9 Fire Trail Centre 2

Figure E-9: Subsection Centre 2 from Fire Trail as viewed from the north-west side of the train corridor. Fracture spacing
within the Hawkesbury Sandstone is annotated throughout.
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E-10 Fire Trail Centre 3

Figure E-10: Subsection Centre 3 from Fire Trail as viewed from the north-west side of the train corridor. Fracture
spacing within the Hawkesbury Sandstone is annotated throughout.
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E-11 Fire Trail Centre 4

Figure E-11: Subsection Centre 4 from Fire Trail as viewed from the north-west side of the train corridor. Fracture
spacing within the Hawkesbury Sandstone is annotated throughout.
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E-12 Fire Trail South-West 1

Figure E-12: Subsection South-West 1 from Fire Trail as viewed from the north-west side of the train corridor. Fracture
spacing within the Hawkesbury Sandstone is annotated throughout.
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E-13 Fire Trail South-West 2

Figure E-13: Subsection South-West 2 from Fire Trail as viewed from the north-west side of the train corridor. Fracture
spacing within the Hawkesbury Sandstone is annotated throughout.
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E-14 Fire Trail South-West 3

Figure E-14: Subsection South-West 3 from Fire Trail as viewed from the north-west side of the train corridor. Fracture
spacing within the Hawkesbury Sandstone is annotated throughout.
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E-15 Fire Trail South-West 4

Figure E-15: Subsection South-West 4 from Fire Trail as viewed from the north-west side of the train corridor. Fracture
spacing within the Hawkesbury Sandstone is annotated throughout.
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Appendix F - Results of photogrammetry chunks

Table F-1: Results for each stage of the photogrammetry models in each of the models created in AgiSoft
Metashape
Rock
Cutting

Setting
Type

Coal
Trail 1

Chunk 1
Chunk 2
Chunk 3
Chunk 4
Chunk 1
Chunk 3
Chunk 4

Coal
Trail 2
Fire
Trail 1

Chunk 1
Chunk 2

Tie Points
from Sparse
point cloud
607,541
423,747
225,403
157,358
677,464
324,591
233,267
1,041,460
237,911

Dense Cloud
Points

Depth Maps

Model:
faces

Model:
Vertices

56,575,247
8,854,328
4,947,153
13,258,351
10,829,542
5,854,290
21,010,834
26,999,203
6,865,292

144
85
36
27
175
51
69
113
34

3,378,395
740,077
414,637
619,262
840,450
364,151
1.673,638
1,646,646
307,961

1,689,947
370,372
207,458
310,055
420,605
182,311
837,162
823,871
152,262
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Appendix G - Fracture related measurements
G-1- Coal Trail 1 fracture-related measurements
Table G-1: Measurements of the fractures and bedding layers within Coal Trail 1, as well as their characteristics in each subsection, and from the cross-section as a whole.
Coal Trail 1 Cross
S ection

North 1
North 2
North 3
Centre 1
Centre 2
Centre 3
Centre 4
South 1
South 2
South 3
TOTAL Rock Cutting

Number of
Average
M in Length M ax Length
Average
fractures in Length of HS
of HS
of HS
Bedding
Hawkebsury fractures (m) fractures (m) fractures (m) thickness in
Sandstone
HS (m)
(HS)

0
3
3
5
4
0
3
3
5
3
29

0.75
3.86
0.94
0.82
1.37
5.67
4.42
2.41
2.64

0.31
2.13
0.31
0.38
0.47
1.29
1.15
0.3
0.3

1.03
5.23
3.01
0.97
2.14
9.57
9.64
6.45
9.64

1
0.7
1.1
1.05
1.2
2.3
1.35
1.5
1.3
1.2
1.27

Total
length of
fractures
in HS

70.12

Average
Number of
Average
spacing
fractures > length of
between
30cm in fractures >
fractures in HS mittagong
30cm in
(m)
mittagong
(m)

2.55
12.2
2.33
8.1
3.8
6.2
3.77
4.94
6.99

27
19
8
7
4
6
3
2
0
0
76

0.85
1
1.08
0.45
0.45
0.36
0.34
1.23
0.72

M in Length M ax Length
Total
of M ittagong of M ittagong length of
fractures
fractures
fractures
(>30cm) (m) (>30cm) (m)

0.32
0.3
0.3
0.31
0.3
0.3
0.3
1.19
0.3

1.68
4.68
2.81
0.82
0.77
0.48
0.42
1.26
4.68

45.45

Average
spacing
between
>30cm
fractures in
M ittagong (m)

0.85
1.34
1.73
0.9
0.5
0.55
3.35
1
1.34

Total
Number of
Number of
Number of
Number fractures that fractures that are fractures that
of
go through the
bed bound/
terminate
fractures
whole rock
terminate on
against each
(>30cm)
cutting
bedding
other

27
22
11
12
8
6
6
5
5
3
105

0
1
0
0
0
0
0
2
0
1
4

20
13
7
8
6
6
2
2
4
0
68

2
3
3
2
0
2
0
0
0
0
12

Polygon sizes in Coal Trail 1:
Mittagong Formation: 269m2
Hawkesbury Sandstone: 588m2
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G-2- Coal Trail 2 Fracture related measurements
Table G-2: Measurements of the fractures and bedding layers within Coal Trail 2, as well as their characteristics in each subsection, and from the cross-section as a whole.
Coal Trail 2 Cross
S ection

North 1
North 2
Centre 1
Centre 2
Centre 3
Centre 4
South 1
South 2
TOTAL Rock Cutting

Number of
Average
M in Length M ax Length
Average
fractures in Length of HS
of HS
of H|S
Bedding
Hawkebsury fractures (m) fractures (m) fractures (m) thickness in
Sandstone
HS (m)
(HS)

0
0
4
1
7
3
3
3
21

0.23
2.6
3.22
2.62
7.09
3.6
3.23

0.15
2.6
0.66
0.75
2.79
0.63
0.15

0.38
2.6
4.64
4.91
13.65
7.13
13.65

0.4
0.5
0.73
0.87
1.13
1.03
1.13
0.83

Total
length of
fractures
in HS

63.22

Average
Number of
Average
spacing
fractures > length of
between
30cm in fractures >
fractures in HS mittagong
30cm in
(m)
mittagong
(m)

0.73
0.78
6.1
1.5
1.6
4.4

6
17
9
14
6
6
2
1
61

1.01
0.85
1.75
0.91
2.76
1.09
0.73
1.4
1.31

M in Length M ax Length
Total
of M ittagong of M ittagong length of
fractures
fractures
fractures
(>30cm) (m) (>30cm) (m)

0.42
0.31
0.71
0.34
0.5
0.3
0.64
1.4
0.3

3.65
1.84
2.41
1.83
7.73
3.41
0.82
1.4
7.73

62.77

Average
spacing
between
>30cm
fractures in
M ittagong (m)

4.5
1.53
1.5
1.31
1.3
1.39
2.7
2.03

Total
Number of
Number of
Number of
Number fractures that fractures that are fractures that
of
go through the
bed bound/
terminate
fractures
whole rock
terminate on
against each
(>30cm)
cutting
bedding
other

6
17
13
15
13
9
5
4
82

1
0
0
0
0
0
0
0
1

5
8
3
5
0
5
2
1
29

3
0
1
3
3
0
1
1
12

Polygon sizes in Coal Trail 2:
Mittagong Formation: 252m2
Hawkesbury Sandstone: 252m2

G-2

G-3- Fire Trail Fracture related measurements
Table G-3: Measurements of the fractures and bedding layers within Fire Trail, as well as their characteristics in each subsection, and from the cross-section as a whole.

Fire Trail Crosssection

Number of
fractures in
Hawkebsury
Sandstone
(HS)

North-East 1
North-East 2
North-west 3
North-west 4
North-west 5
Centre 1
Centre 2
Centre 3
Centre 4
South-West 1
South-West 2
South-West 3
South-West 4
TOTAL Rock

7
4
11
14
15
8
6
8
15
12
11
11
7
129

Average M in Length
M ax
Length of HS
of HS
Length of
fractures (m) fractures
HS
(m)
fractures
(m)

0.47
1.29
1.37
1.81
1.87
2.86
1.42
1.54
1.48
1.8
0.7
1.08
1.11
1.53

0.34
0.45
0.44
0.16
0.29
0.35
0.46
0.5
0.53
0.3
0.29
0.46
0.68
0.16

0.77
2.17
3.25
7.02
5.9
6.48
3.33
2.39
3.36
5.23
1.65
6.03
1.62
7.02

Average Total length
Average
Bedding of fractures
spacing
thickness in
in HS
between
HS (m)
fractures in
HS (m)

0.8
0.93
0.92
2.3
1.5
1.2
1.8
1.9
1.17
0.7
0.77
0.73
0.9
200.58

0.47
1.29
1.37
1.81
1.87
2.86
1.42
1.54
1.48
1.8
0.69
1.08
1.11
2.25

Number of
fractures >
30cm in
mittagong

Average
length of
fractures >
30cm in
mittagong
(m)

5
0
0
1
5
6
8
13
8
10
9
13
15
93

0.99
0.71
0.82
1.09
1.55
1.86
1.05
1.37
1.09
1.45
1.24

M in Length of M ax Length
Total
M ittagong
of M ittagong length of
fractures
fractures
fractures
(>30cm) (m) (>30cm) (m)
in
M ittagong

0.35
0.71
0.33
0.56
0.42
1
0.51
0.37
0.42
0.33
0.52

2.17
0.71
2.06
1.9
3.46
3.45
1.72
1.87
1.87
2.32
2.66
1.28

Average
spacing
between
>30cm
fractures in
M ittagong (m)

Total
Number of
fractures
(>30cm)

Number of
fractures that
go through the
whole rock
cutting

Number of
fractures that
are bed bound/
terminate on
bedding

Number of
fractures that
terminate
against each
other

3.15
1.45
2.63
2.01
2.24
1.28
1.9
1.52
1.5
1.68
1.22
1.87

12
4
11
15
20
14
14
21
23
22
20
24
22
222

0
0
0
1
2
1
0
0
0
0
0
1
0
5

4
2
2
0
3
4
1
6
4
8
6
8
9
57

0
0
2
0
2
2
0
0
0
3
1
2
0
12

Polygon sizes in Fire Trail:
Mittagong Formation: 440m2
Hawkesbury Sandstone: 915m2
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Appendix H – 3D PDF link
The 3D PDF’s can be found at the following website, along with the ArcGIS data,
photogrammetry outputs (obj. files, and texture files), and Metashape files.

https://cloudstor.aarnet.edu.au/plus/s/DBLklGjAsgvYxeA

Password:

Fractures_2021

To ensure the 3D PDFs are viewed correctly, the following steps should be undertaken:
1.
2.
3.
4.

Download zipped file and extract all
Open files with Adobe Acrobat Reader
In the yellow bar at the top of the page, select Options > Trust this document always
If the model does not appear, click in the window, and wait for the 3D model to
appear
5. Rotate the 3D model with the left mouse button.
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